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I.  INTRODUCTION 


Hot  corrosion  may  be  defined  as  the  accelerated  or  catastrophic 
oxidation  of  the  substrate  metal  due  to  fluxing  of  a normally  protec- 
tive oxide  such  as  AI2O2  or  Cr202  by  an  alkali  surface.  The  problem 
of  "hot  corrosion"  or  "sulfidation"  has  grown  considerably  within 
the  last  twenty  years  upoi\  introduction  of  the  gas  turbine  engine 
to  marine  environments.  Rejection  rates  for  sulfidation  of  blades 
and  vanes  on  overhaul  from  ships,  naval  aircraft  and  hovercraft  has 
risen  to  50%  for  some  stages  of  some  engines  (1). 

Sulfidation  or  hot  corrosion  is  usually  initiated  by  the  depo- 
sition of  an  alkali  sulfate  (usually  Na2S0^)  on  the  turbine  blade 
and  guide  vane  surfaces.  The  sodium  sulfate  is  formed  during  the 
combustion  of  a sulfur-bearing  fuel  oil  in  the  presence  of  sea  salt 
Ingested  with  the  intake  air.  Two  developments  which  have  enhanced 
the  problem  of  hot  corrosion  are  the  utilization  of  higher  gas  tem- 
peratures (850°-1250°C)  at  the  turbine  inlet  and  first  stage  and  the 
use  of  low-grade  high-sulfur  fuel  oils. 

The  potential  solutions  to  the  hot  corrosion  problem  have  been 
centered  around  the  development  of  protective  surface  coatings  or 
new  alloys  with  improved  hot-corrosion  resistance  and  mechanical 
properties.  The  current  trend  appears  to  be  the  utilization  of 
protective  surface  coatings  rather  than  in  alloy  development.  The 
need  for  additional  investigation  into  the  area  of  alloying  the  base 
metal  with  components  which  promote  protective  scales  was  evident. 

Therefore,  a study  concerning  the  effects  of  an  oxidizing  and 
hot  corrosion  environment  on  the  protective  scales  formed  on  cobalt- 
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based  alloys  was  undertaken.  The  cobalt-based  system  was  chosen 
for  the  following  reasons:  1)  a previous  study  (43)  on  corresponding 
nickel-based  alloys  indicated  Ni-Cr-Si  alloys  have  good  hot  corrosion 
resistance,  and  2)  it  has  been  reported  in  the  literature  that  cobalt- 
based  alloys  are  superior  to  nickel-based  alloys  under  hot  corrosion 
conditions  (60,61). 


II.  STATEMENT  OF  OBJECTIVES 

One  of  the  main  problems  associated  with  "hot  corrosion"  or 
"sulfidation"  attack  upon  alloys  is  the  acceleration  of  corrosion 
due  primarily  to  fluxing  of  the  solid  oxide  by  an  alkali  sulfate, 
which  is  present  as  a liquid  phase.  Since  most  of  the  solid 
oxides  normally  formed  on  superalloys  are  electronic  conductors, 
the  growth  of  the  scale  as  a solid  phase  is  governed  by  the  move- 
ment of  the  ionic  species.  When  these  scales  are  liquefied  due  to 
fluxing  by  a salt,  an  accelerated  rate  of  oxidation  is  observed, 
since  ionic  motion,  which  controls  the  growth  rate,  is  considerably 
increased  in  a liquid  phase. 

It  is  logical,  therefore,  to  consider  the  growth  of  a scale 
which  is  controlled  primarily  by  the  motion  of  electronic  species 

I 

in  the  solid  state  and  whose  growth,  upon  liquefying,  remains  con- 
trolled by  electronic  motion.  Therefore,  the  accelerated  rate  of  ( 

oxidation  will  not  be  observed  upon  liquefaction  of  an  ionic  con- 
ducting scale. 

To  obtain  an  ionic  conducting  scale,  a series  of  cobalt-based 
alloys  containing  chromium  and  silicon  were  formulated  with  the  hope 
of  forming  an  SiO„  scale,  which  is  an  ionic  conductor.  The  cobalt- 

2 I 

based  alloys  were  divided  into  three  basic  categories:  1,  Co-Cr; 

II,  Co-Si;  III,  Co-Cr-Si. 

The  alloys  were  prepared  by  induction  melting  under  an  inert 
atmosphere.  From  the  solidified  Ingots,  samples  were  prepared  for 
subsequent  high-temperature  testing.  Initial  Isothermal  oxidation 
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studies  were  conducted  upon  these  alloys  at  1000“C  in  dry  oxygen 
at  0.1  atmospheric  pressure.  An  automatic  recording  Ainsworth 
microbalance  was  used  to  detect  the  weight  change  of  the  sample, 
which  was  the  parameter  utilized  to  measure  the  growth  rate  of 
the  scales. 

For  the  hot  corrosion  studies,  there  were  two  major  changes 
made  in  the  experimental  procedure  as  compared  to  the  earlier 
nickel-based  alloy  studies  (43).  First,  a continuous  supply  of 
Na2S0^  to  the  sample  was  utilized  throughout  each  run.  Addition- 
ally, some  thermal  cycling  was  Introduced.  Scales  formed  on  the 
alloys  were  examined  by  metallographlc,  x-ray  diffraction  and 
microprobe  techniques. 


Ill . LITERATURE  REVIEW  AND  THEORETICAL  CONSIDERATIi 


L 


ONS 

1.  Oxidation 

1.  The  Wagner  Theory  of  Parabolic  Oxidation 


Some  fifty  years  ago,  it  was  observed  that,  at  high 

temperatures,  a compact  scale  will  act  as  an  effective  barrier  to 

the  further  attack  of  metal  by  an  oxidizing  atmosphere.  The  rate 

of  oxidation  at  high  temperatures,  therefore,  will  be  determined 

by  the  solid  state  diffusion  of  the  reactants  across  the  oxide 

layer.  As  the  oxide  thickness  Increases,  the  diffusion  distance 

increases  and  the  reaction  rate  decreases  with  time.  If  Am/A,  the 

increase  in  weight  per  unit  surface  area,  is  plotted  versus  time,  a 

2 

parabola  will  result, and  if  (Am/ A)  Is  plotted  versus  time,  a straight 
line  will  result.  Thus,  the  parabolic  rate  law 


(1) 


first  derived  by  Tammann  (12)  and  independently  by  Pilling  and  Bed- 
worth  (13)  becomes  the  time  law  most  commonly  observed. 

Wagner  (14),  in  1933,  advanced  the  phenomenological  theory  of 
high  temperature  parabolic  oxidation  based  on  diffusion  of  reactants 
across  the  oxide  layer  due  to  a concentration  gradient  as  the  rate 
controlling  step.  The  theory  of  point  defects  which  is  the  basis 
of  material  transport  In  an  oxide  layer  will  be  discussed  In  Sec- 
tion 2. 

There  are  certain  preliminary  considerations  which  Wagner  made 
concerning  his  theory.  It  applies  to  compact  scales  of  reaction 
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products  and  where  volume  diffusion  of  reacting  Ions,  (point  defects), 
or  electrons  across  the  growing  oxide  Is  the  rate-controlling  step.  He 
also  assumed  that  electrons  and  Ions  migrate  Independently  of  each  other 
under  the  Influence  of  an  electrochemical  potential  gradient  and  that 
thermodynamic  equilibrium  exists  between  the  reactants  and  oxide  at  both 
the  oxlde/gas  and  metal/oxlde  Interface.  Since  diffusion  through  the 
scale  Is  rate  determining,  reactions  at  the  phase  boundary  are  consi- 
dered rapid. 

Using  the  models  for  p-  and  n-type  semiconductors  (described  In 
Section  2),  Wagner  (15)  expressed  the  two  limiting  cases  by  which  the 
high  temperature  oxidation  process  can  occur.  For  an  oxide  scale  with 
metal  Ion  vacancies  (p-t5rpe  semiconductor,  e.g.,  CoO) , the  metal  Ions 
and  electrons  diffuse  outward  from  the  metal/oxlde  Interface  to  the 
oxlde/gas  Interface,  with  the  cation  vacancies  moving  In  the  opposite 
direction.  The  cation  vacancies  are  produced  at  the  oxlde/gas  Inter- 
face and  consumed  at  metal/oxlde  Interface.  Where  oxygen  Ion  vacancies 
predominate  (n-type  semiconductor),  the  anions  diffuse  Inward  toward 
the  metal/oxlde  Interface  with  the  anion  vacancies  and  electrons  mi- 
grating In  the  opposite  direction.  The  anion  vacancies  are  produced 
at  the  metal/oxlde  Interface  and  are  consumed  at  the  oxlde/gas  boundary. 

Based  upon  these  considerations  or  limitations,  Wagner's  deriva- 
tion (9,  15)  of  the  parabolic  oxidation  rate  equation  first  takes  Into 
account  the  diffusion  due  to  the  chemical  potential,  y,  and  that  due  to 

the  electrical  potential,  ip,  where  the  flux  J of  species  1 In  equlv- 
2 

alents  per  cm  equals 


ZiCiBiO 


dx  1 dx 


) 


(2) 
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3 

where  represents  the  concentration  in  equivalents  per  cm  , and 

and  are  the  particle  velocity  and  mobility,  respectively.  The 
term  in  parentheses  is  the  gradient  of  the  electrochemical  and  elec- 
trical potentials  and  where  F is  the  faraday.  The  equivalent 

currents  of  cations,  anions  and  electrons  in  the  oxide  layer  will  be 
Jj^,  J2  and  J^.  For  electroneutrality, 

Jl  = J2  + Js  • (3) 


Flux  equations  can  now  be  derived  for  the  ions  and  electrons  in  terms 
of  their  chemical-potential  gradients.  Upon  calculating  the  mobili- 
ties of  the  charged  species  from  electrical  data,  Wagner  derived  the 
following  equation  for  the  flux  of  metal  and  oxygen 


d(n/q) 

dt 


Ax' 


|Z,|F 


(ti+t2)t3Kdyo} 


(A) 


where  d(n/q)/dt  is  the  oxidation  rate  in  terms  of  equivalents  of  oxida- 

2 

tion  product  formed  per  unit  cross  section  (cm  ) q per  unit  time.  Ax 
is  the  Instantaneous  scale  thickness  in  cm,  Z2  is  the  valence  of  the 
anions,  y^  is  the  chemical  potential  of  the  nonmetal,  y^  and  yj^  are 
the  chemical  potentials  of  the  anions  at  metal/oxlde  and  oxlde/gas 
interfaces,  respectively,  K is  the  electrical  conductivity, and  t^^, 
t2  and  t^  are  the  transport  numbers  for  the  cations,  anions  and  elec- 
trons. The  transport  (or  transference  numbers)  are  defined  by  the 
following: 


ti  » , 


(5) 
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t2  = (6) 

and 

, (7) 

where  Jl^^,  and  £2  are  the  specific  conductivities  of  the  cations, 

anions  and  electrons,  respectively.  The  expression  in  the  braces 

in  Equation  (4)  is  equal  to  the  "rational  rate  constant",  where 

2 

is  the  reaction  rate  in  equivalents  per  cm  per  second  for  a layer 
of  the  reaction  product  1 cm  thick.  An  alternative  method  used  by 
Wagner  (15)  was  to  determine  the  ionic  mobilities  from  data  for  the 
self-diffusion  rates  of  the  ions  as  long  as  the  oxide  exhibits  elec- 
tronic conductivity.  The  reaction  rate  then  takes  the  form  of 


where  Ceq=Zj^Cj^=  | Z2 1 C2  is  the  concentration  of  cations  or  anions  in 
3 * * 

equivalents  per  cm  , and  D2  are  the  self-diffusion  coefficients 
for  metal  and  oxygen,  a^  and  aJJ  are  the  thermod)mamic  activities 
of  the  anion  at  the  metal/oxlde  and  oxlde/gas  interfaces,  respectively. 
2.  Point  Defects  in  Oxides 


A significant  feature  of  the  Wagner  theory  of  parabolic 
oxidation  is  the  direct  correlation  with  the  theory  of  point  defects 
in  solids.  As  stated  earlier,  the  formation  of  a thick,  compact, 
and  pore-free  oxide  layer  on  a metal  surface  is  due  to  the  solid 
state  diffusion  of  the  reactants  through  the  oxide.  The  mechanism 
of  solid  state  diffusion  occurs  because  of  the  formulation  of  imper- 


fections or  point  defects  in  the  oxide.  These  point  defects  include 


9 


cation  and  anion  vacancies.  Interstitial  Ions,  quasl-free  electrons 
and  electron  holes. 

Most  metal  oxides  and  sulfides  exhibit  primarily  electronic 
conductivity  and  are  classified  as  semiconductors.  In  these  non- 
stolchiometric  compounds,  the  concentrations  of  the  ionic  point  de- 
fects and  electronic  defects  are  equivalent.  Since  the  mobility  of 
the  electronic  species  is  much  greater  than  that  of  the  ionic  defects, 
these  compounds  are  essentially  electronic  conductors.  Therefore, 
the  growth  of  the  electron-conducting  compounds  will  be  controlled 
by  diffusion  of  one  of  the  ions.  In  accordance  with  Equations  (4), 
(5),  (6)  and  (7),  the  transport  number  for  electron  t^  will  be  es- 
sentially one  and  the  quantity  (t^+t2),  will  be  much  less  than  one 
(75). 

In  the  case  of  pure  ionic  conductivity,  the  numbers  of  cations 
and  anions  are  equivalent  to  maintain  stoichiometry  and  therefore 
electrical  neutrality.  Ionic  conducting  compounds  exhibit  much  grea- 
ter concentrations  of  ionic  defects  as  compared  to  electrons  or 
electron  holes.  The  quantity  (tj^+t2)  will  be  essentially  one  and 
the  transport  number  for  the  electron  t^  will  be  much  less  than  one. 
Therefore,  the  rate  controlling  species  is  the  electronic  species. 

An  example  of  this  class  of  compounds  is  AgCl  (2),  where  the  num- 
ber of  cation  vacancies  and  interstitial  cations  are  equivalent 
(Frenkel  defect).  Movement  of  the  cations  is  then  accomplished 
by  shifting  into  the  vacant  lattice  sites  or  drifting  along  the 


interstitial  sites. 
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The  models  for  electronic  semiconducting  compounds  was  first 
expressed  by  Wagner  (3).  There  are  three  types  of  semiconducting 
compounds  as  described  by  Kubaschewski  (75)  and  Hauffe  (2)s  intrinsic, 
n-type  and  p-type.  Only  n-  and  p-types  are  of  Interest  in  most  oxi- 
dation studies. 

Excess  metal  cations  and  an  equivalent  number  of  electrons 
located  on  interstitial  lattice  sites  are  characteristic  of  n-type 
semiconductors  such  as  ZnO  (2).  This  type  of  compound  can  also  be 
considered  in  terms  of  anion  vacancies.  The  Wagner  theory  predicts 
that  for  n-type  compounds  the  electrical  conductivity  decreases 
(lattice  defect  concentration  decreases)  as  the  oxygen  pressure  in- 
creases (1). 

For  the  p-type  semiconductors  such  as  CoO (75), (4) , (5) , a defi- 
ciency in  metal  cations  or  an  excess  of  anions  with  the  corresponding 
number  of  electron  defects  (electron  holes)  is  characteristic.  In 
order  to  maintain  electrical  neutrality  when  the  structure  contains 
some  cation  vacancies,  cations  of  a higher  valence  state  are  crea- 
ted which  are  equivalent  to  the  number  of  electron  holes,  ®.  Electron 
movement  takes  place  via  an  exchange  between  the  lower  and  higher 
cations  as  shown  in  Figure  1. 


— 

++ 

3+ 

++ 

0 

Co 

0 

Co 

0 

Co 

Co-^ 

o“ 

IZI 

o' 

CO++ 

s 

0 

s 

0 

o' 

Co^'*’ 

o' 

Co++ 

Figure  1.  CoO  as  an  example  of  a p-type  semiconductor.  The 
trlvalent  cobalt  ions  represent  the  location  of  the  electron 


holes. 
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The  point  defect  equations  for  the  high  temperature  reaction 
of  CoO  with  oxygen  are  written  as  (6),  (7),  (9): 


■|02(g)  ^ V(Co)'  + » + CoO  , 


(9) 


where  V(Co)  represents  a monovalent  cation  vacancy.  From  this,  the 
mass  action  balance  can  be  expressed  as: 


_ [V(Co)  ]•[<»] 

p 1/2 

^2 


(10) 


where  K is  the  equilibrium  constant.  Combining  Equation  (10)  with 
the  condition  that  the  concentration  of  electron  holes  [«]  is  equal 

I 

to  [v(Co)  ],  then  the  relationship  of  the  oxygen  partial  pressure 

, to  the  defect  concentration  can  be  shown  to  be: 

U2 

1/4 


[®]  = [v(Co)  ] = Const  • Pq 


(11) 


By  increasing  the  oxygen  partial  pressure,  the  point  defect  concen- 
tration will  therefore  increase  along  with  the  oxidation  rate  as 
predicted  by  Wagner  and  experimentally  confirmed  by  Bridges  et  al. 

(8)  in  the  temperature  range  950  to  1150°C. 

3+ 

The  Introduction  of  higher  valent  cations  such  as  Cr  , according 
to  the  following  equations: 

2®fCr202  = 2Cr(Co)’+2Co0+  |02(g)  (12) 

and 

|o2+Cr20^  = 2Cr(Co)‘+2V(Co) '+4CoO  (13) 

leads  to  a decrease  in  the  concentration  of  the  electron  holes,  since 
3+  3+ 

some  Co  ions  are  replaced  by  Cr  ions,  but  this  also  increases  the  num- 


ber of  cobalt  ion  vacancies,  according  to  Equation  (13).  The  end  result  is 
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that  electrical  conductivity  is  decreased  and  the  diffusion  through 
the  scale  is  increased  and,  hence,  the  oxidation  rate  increases  with 
up  to  9 wt.%  Cr  additions  (75,  2,  9,  10,  11). 

Since  silicon  is  the  other  major  alloy  addition  utilized  in 
this  study,  the  following  equations  will  be  of  interest  when  sil- 
icon is  used  as  a dopant: 

2^Si02  ^ S^(Co)' *+000+  -I  O2  (14) 

and 

02+S^02  ^ Si(Co)'*+2V(Co)'+3Co0  . (15) 

+3 

As  is  the  case  for  Cr  ion  additions,  the  Si  ions  decrease  the 
number  of  electron  holes  and  increase  the  number  of  cobalt  ion  va- 
cancies. This  leads  to  an  increase  in  the  oxidation  rate. 

In  order  to  successfully  apply  the  Wagner  doping  theory  when 
additions  of  higher  or  lower  valence  cations  are  made,  the  following 
requirements  exist  as  outlined  by  Kofstad  (10): 

(1)  The  oxidation  of  the  pure  metal  must  follow  the  Wagner 
mechanism. 

(2)  The  defect  structure  of  the  oxide  must  be  known  in  order  to 
select  the  proper  dopant. 

(3)  The  foreign  ion  additions  must  be  soluble  in  the  parent 
oxide. 

(4)  The  valence  of  the  foreign  ion  addition  when  dissolved  in 
small  amounts  in  another  oxide  must  be  predetermined.  As 
an  example,  if  niobium,  which  can  have  valences  ranging 
from  +2  to  +5,  is  dissolved  in  Ti02,  it  will  have  a +4  or 


+5  valence. 
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(5)  The  foreign  ion  additions  are  assumed  to  be  homogeneously 
distributed  through  the  oxide.  This  implies  that  parent 
and  foreign  ion  rates  of  oxidation  and  diffusion  are  equal. 
3.  Application  of  Wagner  Theory  to  the  Oxidation  of 
Pure  Cobalt 


Sufficient  electrochemical  or  diffusion  data  are  available 
to  test  the  theoretical  assumptions  for  parabolic  oxidation  of  cobalt 
as  outlined  in  Sections  1 and  2.  Carter  and  Richardson  (6,  7)  cal- 
culated the  oxidation  rate  of  cobalt  to  cobaltous  oxide  by  using 
Wagner's  Equation  (8)  and  compared  it  to  the  experimentally  determined 
rate.  They  measured  the  oxidation  of  cobalt  in  the  presence  of  inert 
markers  of  radioactive  platinum  , and  self-diffusion  coefficient 
of  cobalt  in  CoO  as  a function  of  oxygen  pressure.  These  measurements 
showed  that  the  oxidation  of  cobalt  occurred  only  by  cation  diffusion 
across  the  oxide  film  to  the  gas/oxlde  interface.  The  point  defect 
equation  postulated  is  shown  by  Equation  (9).  Therefore,  Wagner's 
Equation  (10)  can  be  expressed  in  the  following  terms: 


where  Z^, 
* 


Kj,  = IzJCeq 


(16) 


o 

Z^  are  the  average  valency  of  cobalt  and  oxygen  in  the  CoO, 


D,  is  the  self  diffusion  coefficient  of  cobalt  in  CoO*  and  a is  the 
1 o 

activity  of  oxygen.  Carter  and  Richardson  obtained  better  than  90% 
agreement  between  measured  and  calculated  rate  constants (Kj-)  at  tem- 
peratures ranging  from  1000°  to  1350°C  and  a Pg  of  1 atm. 
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In  thennogravimetric  studies  of  oxidation  rates  such  as  were 

carried  out  in  this  study,  it  is  conunon  to  express  the  results  in 

terms  of  the  parabolic  rate  constant  K^,  as  shown  in  Equation  (1). 

2 4 

The  units  are  usually  expressed  as  (gm  ©2)  per  cm  per  sec.  The 
parabolic  rate  constant  is  related  to  the  rate  constant  by 
the  following  Equation  (10) : 


K (gm  0»)^/cm^-sec  = — 
p ^ 2 ' r: 


2db(M  )‘ 


a b 


(17) 


where  d is  the  density  of  the  oxide,  is  the  atomic  weight  of  the 

nonmetal,  and  ^ equals  the  molecular  weight  of 
a b 


4.  Oxidation  of  Cobalt-Based  Alloys 


Since  pure  metals  are  rarely  used  in  applications  where  good 
high  temperature  oxidation  resistance  is  required,  a comprehensive 
review  of  the  oxidation  of  cobalt-based  alloys  is  required.  A number 
of  additional  factors  will  have  to  be  considered,  since  alloys,  in 
general,  contain  two  or  more  components  that  will  oxidize.  Some  of 
these  factors  are:  the  affinity  of  the  component  metals  for  each  other 
and  for  the  nonmetal,  in  particular  oxygen;  the  diffusion  rates  of 
atoms  in  the  oxidation  layers;  the  formation  of  ternary  compounds;  the 
relative  volumes  of  the  various  phases;  the  temperature;  and  the  par- 
tial pressure  of  the  oxidizing  gas. 

There  are  three  basic  types  of  alloy  oxidation  as  outlined  by 


Kofstad  (10): 
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1.  Selective  oxidation  in  which  the  least  noble  component  of 
an  alloy  is  selectively  or  preferentially  oxidized  to  form 

an  outer  oxide  layer  consisting  of  one  phase  [Wagner,  (11,  17)]. 

2.  Formation  of  composite  scales  consisting  of  oxides  which  may  be 
considered  to  be  mutually  insoluble  and  which  do  not  react  with 
each  other  [Wagner,  (11,  16)]. 

3.  Formation  of  scales  with  complex  oxides  (double  oxides  or  j 

I 

spinels) . 

4.  The  formation  of  discontinuous  oxide  particles  within  the 
continuous  alloy  phase  (internal  oxidation). 

Wagner  (11) , in  constructing  models  to  explain  the  types  of  alloy 
oxidation  listed,  assumed  that  virtually  complete  thermodynamic  equil- 
ibrium exists  between  adjacent  phases  and  that  the  oxidation  rates  are 
determined  by  steady-state  diffusion  processes. 

In  developing  the  model  for  selective  oxidation,  Wagner  (11,  17) 
neglected  Internal  oxidation  and  the  mutual  solubility  of  oxides,  and 
assumed  that  the  oxide  AO  is  a p-type  oxide  in  which  A diffuses  by  a 
vacancy  mechanism  and  electrons  by  a positive  hole  mechanism.  Also, 

A and  B do  not  react  to  form  a double  oxide  or  spinel.  For  exclusive 
formation  of  AO,  the  minimum  concentration  of  element  A is  given  by 

A 

where  Na.  ^ . is  the  minimum  concentration  of  A (also  called  critical 
*(min) 

concentration),  C is  the  number  of  gram-atoms  of  metal  per  unit  volume. 


is  the  valence  of  A atoms,  16  is  the  atomic  weight  of  oxygen,  D 
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is  the  interdiffusion  coefficient,  which  is  independent  of  the 
composition  of  the  alloy,  and  Kp  is  the  parabolic  rate  constant 
for  exclusive  formation  of  the  A oxide.  Wagner  assumed  the  for- 
mation of  a compact,  pore-free  oxide  scale  in  order  for  the 
above  relationship  to  hold. 

The  cobalt-chromium  alloys  are  Important  examples  of  selective 
oxidation.  One  of  the  earliest  studies  of  the  scaling  behavior 
of  Co-Cr  alloys  was  completed  by  Preece  and  Lucas  (18) . They 
reported  single  values  of  weight  increase  for  50  hr  exposure  in 
air  or  burnt  paraffin  simulating  a gas  turbine  atmosphere  at 
800-1200°C  for  alloys  up  to  40%  chromium.  Their  data  indicate 
a sharp  rise  in  weight  increase  for  10%  Cr  additions  with  a sub- 
sequent drop  for  25%  additions.  The  scales  formed  on  alloys  with 
less  than  25%  Cr  consisted  of  CoO  with  some  cobalt  chromite  (CoCr20^) . 
For  higher  additions  of  Cr,  the  scales  consisted  of  Cr202  only. 

Preece  and  Lucas  concluded  from  their  work  that  the  diffusion  of 
oxygen  ions  through  the  scale  was  possible  and  the  formation  of  the 
spinel  greatly  accelerated  the  oxidation  process.  Phalnlkar,  et  al. 
(19)  studied  the  oxidation  of  Co-Cr  alloys  in  the  temperature  range 
900-1200''C  in  air.  They  confirmed  that  optimum  oxidation  resistance 
was  obtained  for  alloys  containing  25%  Cr  additions.  The  composi- 
tion of  the  oxides  proved  to  be  mixtures  of  CoO  and  CoCr20^  for  Cr 
additions  below  25%  and  essentially  Cr202  above  25%  Cr.  As  in  the 
case  for  pure  Co,  Phalnlkar  et  al.  (19)  concluded  that  cobalt  rich 
alloys  form  outer  scales  which  are  metal  deficient  and  grow  by  outward 
diffusion  of  cobalt  ions  and  that  the  spinel  may  be  formed  by  Inward 
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diffusion  of  oxygen  ions.  Again,  spinel  formation  had  no  beneficial 
effect  on  the  oxidation  resistance. 

Kofstad  et  al.  (20)  studied  the  oxidation  of  Co-10  wt.%  Cr  in 
the  temperature  range  800°-1300°C  at  oxygen  pressures  from  0.05  to 
760  torr.  They  found  the  overall  oxidation  to  be  parabolic  and  depen- 
dent on  ©2  pressure.  The  Co-10  Cr  alloy  also  oxidized  faster  than  pure 
cobalt.  Extensive  metallographic  studies  were  performed  on  the  oxi- 
dized specimens  along  with  some  electron-probe  microanalysis.  The 
oxide  scale  was  found  to  be  double -layered  with  the  outer  layer  con- 
sisting of  CoO,  and  an  inner  layer  of  CoCr20^  and  Cr202  particles  em- 
bedded in  a CoO  matrix.  The  inner  layer  also  contained  30-35  vol.% 
porosity.  It  was  concluded  from  this  study  that  the  oxidation  was 
controlled  by  Co-vacancy  diffusion  in  the  CoO  phase.  This  rein- 
forced what  previous  investigators  (19)  have  found.  Kofstad  (20) 
postulated  that  the  spinel  inclusions  inhibit  the  oxidation  by 
decreasing  the  effective  diffusion  area  in  the  scale,  and  that  the 
pores  serve  to  increase  the  oxidation.  The  pores  partially  short 
circuit  the  solid  state  diffusion  through  the  scale  due  to 
oxygen  transport  across  the  pores.  A study  (21)  was  also  con- 
ducted on  Co-25  wt.%  Cr  under  identical  experimental  conditions. 

The  oxidation  mechanism  for  this  alloy  was  more  complex  since,  at 

P >100  torr, a duplex  scale  was  formed  consisting  of  an  outer 
°2 

layer  of  CoO  and  an  inner  layer  of  CoCr20^  with  small  amounts  of  CoO 
and  Cr202  (the  Cr20j  was  concentrated  near  the  alloy/scale  interface). 
At  low  oxygen  pressures,  the  is  the  dominant  oxide.  The  tran- 


sition from  high  to  low  pressure  oxidation  involved  preferential  or 


selective  oxidation  of  chromium,  and  was  accompanied  by  a large, 
almost  abrupt  decrease  in  the  oxidation  rate.  The  oxidation  of 
alloys  with  higher  concentrations  of  Cr  (Co-35  Cr)  were  Independent 
of  oxygen  pressure  and  were  comparable  to  the  low  pressure  oxida- 
tion of  Co-25  Cr  (21).  Other  investigators  (22),  (23)  confirmed 
that  as  the  chromium  is  increased  up  to  25  to  30  wt.%,  the  oxida- 
tion rate  decreases  with  increased  spinel  formation  due  to  a blocking 
in  the  inner  layer. 

The  effect  of  silicon  on  the  oxidation  rate  of  cobalt-based 
alloys  is  not  generally  known,  since  data  for  these  systems  are 
rather  sparse.  Generally  speaking,  the  addition  of  silicon  should 
Improve  the  oxidation  resistance  of  the  cobalt-based  alloys  by  pre- 
ferential oxidation  to  form  a layer  of  Si02  adjacent  to  the  alloy 
surface.  The  initial  formation  of  this  inner  layer  of  SIO^  will  re- 
sult in  a lower  diffusion  rate,  since  Si02  is  a low-conductivity 
scale,  according  to  Wagner's  defect  theory.  Bausch  et  al.  (40)  in 
a study  on  the  effect  of  alloying  on  the  properties  of  wrought 
cobalt  established  that  silicon,  aluminum,  and  chromium  all  impart 
oxidation  resistance  to  cobalt.  This  study,  however,  was  not  con- 
cerned with  the  oxidation  products,  but  only  with  the  effect  of  the 
alloying  elements  on  strength  at  high  temperature. 

Douglass  and  Armijo  (24)  studied  the  effects  of  up  to  3%  silicon 
on  the  oxidation  of  Co-20%  Cr  alloys  at  1100  and  1200°C  in  air.  On 
the  pure  Co-20  Cr  alloy,  the  initial  oxide  was  CoO  which  formed  very 
rapidly  [about  100  times  faster  than  the  NIO  formed  on  Nl-20  Cr  (41)] 
by  outward  cation  diffusion.  A chromium-enriched  substrate  layer 
subsequently  reacted  via  internal  oxidation  to  form  a continuous 
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film  of  Cr202  as  in  the  case  of  nickel  alloys  (41).  The  formation 
of  CoCr20^  occurred  rapidly  [nearly  10  times  faster  than  the  growth 
rate  of  NiCr20^  (41)],  by  the  reaction  of  CoO  and  Cr202.  Silicon 
additions  reduced  the  oxidation  rate,  '>ut  the  layers  were  highly 
susceptible  to  spalling  upon  cooling  as  well  as  during  Isothermal 
oxidation.  The  scales  contained  Cr20^,  CoCr20^,and  Co2Si0^.  The 
ortho-silicate  was  present  as  Isolated  particles  and  did  not  form 
a continuous  protective  film.  The  reduced  oxidation  rate  was  asso- 
ciated with  a thin  inner  film  of  Cr202.  The  results  obtained  by 
Douvlass  and  Armijo  (24)  for  the  oxidation  of  Co-20  Cr  and  Co-20 
Cr-1  to  3 Si  are  analogous  to  those  obtained  by  other  Investigators 
(42,  43)  for  Nl-Cr  alloys. 

In  a study  on  the  effect  of  small  amounts  of  silicon  on  the 
high  temperature  oxidation  of  a high-purity  Co-25  Cr  alloy,  an 
Interesting  anomaly  was  revealed.  Phalniker  et  al.  (19)  reported 
that  Co-25  Cr  oxidizes  slowly  at  temperatures  in  the  range  of 
1000  to  1200°C  in  air  forming  a protective  Cr202  scale;  whereas, 

Kofstad  and  Red  (21)  reported  very  rapid  oxidation  in  the  temp- 
erature range  900-1300°C  in  oxygen  at  pressures  greater  than 
100  torr.  In  contrast,  an  outer  layer  of  CoO  and  an  inner  mix- 
ture of  Cr202  and  CoCr20^  particles  in  a CoO  matrix  was  observed. 

Both  of  these  studies  (19,  21)  have  been  discussed  earlier. 

Jones  and  Stringer  (44)  surmised  that  the  anomaly  could  be 
caused  by  one  of  four  factors:  (a)  method  of  initiating  the  oxi- 
dation; (b)  minor  constituents  of  the  alloys;  (c)  surface  prepara- 
tion; or  (d)  grain  size.  After  some  preliminary  experiments,  they  found 
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that  a minor  amount  of  silicon  was  responsible  for  the  slow  oxidation 
of  Co-20  Cr  alloy.  Kofstad  (21)  used  high  purity  cobalt  on  the  order 
of  99.99%  Co.  Accordingly,  they  produced  two  alloys,  Co-20  Cr-0.1%  Si 
and  Co-20  Cr-0.05%  Si  from  Kofstad' s Co-20  Cr  master  alloy.  Both  of 
these  alloys  exhibited  slow  oxidation  rates  with  the  development  of  a 
continuous  Cr202  layer.  Utilizing  a high  purity  Co-20  Cr  master  alloy, 
a Co-20  Cr-0.05%  Si  alloy  was  produced  which  oxidized  rapidly.  This 
suggested  that  silicon  alone  was  insufficient  to  cause  the  slow  oxida- 
tion rate.  Further  investigation  revealed  that  for  silicon  additions 
(as  low  as  0.05  wt.%)  to  promote  oxidation  resistance  in  Co-Cr  alloys, 
they  must  be  present  as  an  internal  distribution  of  SIO2  in  much  the 
same  way  that  dispersions  of  Y2O2,  Th02  and  Al20^  promote  the  formation 
of  Cr202  layers  in  Ni-Cr  and  Co-Cr  alloys  as  reported  by  Stringer  et 
al.  (45). 

The  effect  of  other  ternary  additions  to  Co-32%  Cr  alloy  relative 
to  scale  adherence  and  oxidation  resistance  was  carried  out  by  Preece 
and  Lucas  (18)  in  an  atmosphere  of  burnt  paraffin  at  a temperature 
of  800-1200°C.  They  observed  that  for  a nominal  0.5  wt.%  addition  of 

(1)  B,  Be,  Nb  and  V,  a serious  loss  of  oxidation  resistance  was 
encountered  due  to  the  formation  of  low-melting  point  oxides. 

(2)  Ti,  Zn  and  Ca,  only  a small  beneficial  effect  was  noticed, 

probably  due  to  the  formation  of  spinels  of  the  type  AB20^ 

3+ 

(where  B positions  are  generally  Cr  ions) . 

(3)  Ta,  Al,  Ce,  Si  and  Th,  the  oxidation  resistance  was  mark- 
edly improved,  especially  by  the  Si  and  Th  additions.  It 
was  thought  that  the  formation  of  an  SIO2  layer  adjacent 
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to  the  alloy /oxide  Interface  would  lower  the  rate  of 
diffusion  of  ions  and  electrons  through  the  outer  layer 
of  Cr20^, 

Davin  et  al.  (23)  demonstrated  the  effects  of  ternary  additions  on 
both  Co-10  Cr  and  Co-30  Cr  alloys  oxidized  in  still  air  between  800 
and  1200°C.  They  found  an  outer  oxide  layer,  which  was  rich  in  co- 
balt, a middle  layer  rich  in  chromium,  and  a third  layer,  adjacent 
to  the  metal,  rich  in  the  ternary  addition  with  a high  affinity  for 
oxygen  (W,  Al,  etc.)*  The  oxidation  resistance  of  Co-10  Cr  was  greatly 
improved  by  a 6 wt%  Ta  addition.  Additions  of  Fe,  Ni,  B or  Y had  no 
effect  on  the  oxidation  kinetics  of  Co-30  Cr;  with  additions  of  Ta, 

W,  Al,  Ti,  Zr,  Ce  and  Nb,  the  oxidation  obeyed  the  parabolic  rate  law. 
The  oxidation  of  Co-30  Cr  was  improved  by  additions  of  Zr,  Ce,  Al  or  B. 
Molybdenum  and  niobium  led  to  catastrophic  oxidation  at  high  tempera- 
ture. 

Additions  of  1%  or  less  of  elements  such  as  yttrium  and  hafnium 
should  Improve  the  adhesion  of  scales  on  superalloys  and,  in  some 
cases,  reduce  the  oxidation  rate  (25).  The  explanation  given  was 
the  formation  of  a partial  or  complete  layer  of  a compound  such  as 
YCi  "'j  developed  at  the  alloy/oxide  interface.  Another  study  by  Gig- 
gons  et  al.  (26)  indicated  that  the  Improved  oxide  scale  adhesion 
was  due  to  the  selective  internal  oxidation  of  yttrium  and  hafnium 
to  Y2O2  and  Hf02.  which  pegged  the  oxide  scale  to  the  metal.  Beltran 
(27)  showed  that  yttrium,  when  added  to  a Co-30%  Cr  alloy.  Improved 
the  scale  adherence  and  reduced  the  oxidation  rate  of  this  alloy 
between  900  and  1200°C.  Very  little  CoCr20^  and  CoO  were  formed  on 
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the  ternary  alloy  as  compared  to  the  binary  Co-30  Cr.  The  reduction 

in  reaction  kinetics  was  due  to  the  presence  of  a Co/Y  matrix  precl- 

3+ 

pitate  which  blocked  Cr  diffusion  at  the  metal/oxide  interface,  as 
well  as  improving  scale  adherence  by  acting  as  a site  for  vacancy 
"precipitation"  to  eliminate  interfacial  porosity. 

The  oxidation  kinetics  and  scale  behavior  of  cobalt-based 
industrial  superalloys  such  as  L-605,  MAR-M302,  and  WI-52  are  quite 
complex,  since  these  alloys  may  contain  up  to  a dozen  elements  with- 
out counting  the  usual  impurities.  Wlodec  (28)  characterized  the 
oxidation  of  L-605  (Co-20  CR-10  Nl-15  W-1.5  Mn-0.15  C-0.5  Si)  and 
X-AO  (Co-25  Cr-10  Ni-8  W-1. 5 Fe-0. 5 C,  Mn  and  Si)  in  air  from  980  to 
1200°C.  During  parabolic  oxidation  at  lower  temperatures,  small  amounts 
of  Cr20^  and  CoO  were  found;  the  CoCr20^  spinel  formed  in  all  other 
instances.  At  1200°C, catastrophic  oxidation  occurred  with  the  for- 
mation of  a low  melting  scale  of  CoWO, , Co.O, , CoO, and  CoCr„0, . The 

4 3 4 2 4 

X-40  alloy  with  its  lower  W content  exhibited  a less  severe  catastro- 
phic oxidation. 

Lowell  (29)  studied  the  oxidation  of  WI-52  (Co-19.5  Cr-11  Ni-1.5 
Nb-1  Ni-0.4  C-0.3  Mn  and  Si)  at  870,  980,  and  1095°C  in  air  for  periods 
up  to  100  hours.  The  alloy  exhibited  poor  oxidation  and  spalling 
resistance,  which  seemed  related  to  a very  rapid  initial  Cr202  for- 
mation which  depleted  the  substrate.  The  Cr202  was  not  a continuous 
protective  layer.  The  CoO  scales  which  formed  later,  spalled  upon 
cooling  to  room  temperature.  Some  CoCr20^  also  formed  and  the  severe 
spalling  was  thought  to  be  attributed  to  the  carbide- induced  formation 
of  CoNb20^,  which  is  incompatible  with  the  CoCr20^  spinel. 
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The  oxidation  kinetics  of  MAR-M-302  (Co-21.5  Cr-10  W-0.85  C- 
9 Ta-0.2  Zr)  have  been  extensively  studied  by  Felten  et  al,  (30)  and 
Kosak  et  al.  (31)  in  the  temperature  range  850  to  1200°C.  Felten  (30) 
found  that  between  850  and  1200°C,  the  oxidation  is  diffusion  con- 
trolled with  the  formation  of  Cr202  (very  protective  to  about  1200°C), 
CrTaO^  and  CoTa^O^,  and  that  above  1200°C  the  amount  of  chromium  and 
tantalum  oxides  decrease,  and  CoO,  CoWO,  and  CoCr_0,  increase.  The 
oxidation  rate  of  the  alloy  also  Increases  above  1200°C.  Kosack  et 
al.  (31)  determined  two  techniques  which  control  the  oxidation  of 
the  alloy  above  980°C:  (1)  formation  of  Cr202  and  CrTaO^  according 
to  a parabolic  rate  law;  and  (2)  the  evaporation  of  WO^  and  Cr202 
according  to  a linear  rate  law.  The  formation  of  CrTaO^  was  due  to 
the  preferential  oxidation  of  the  tantalum  carbides  in  the  matrix 
(internal  oxidation). 

It  should  be  noted  that  in  Industrial  alloys  such  as  MAR-M-302, 
(31)  the  attack  on  inter-metallic  phases  present  in  the  matrix  or 
grain  boundaries  may  be  more  detrimental  to  the  life  of  the  material 
than  the  formation  of  an  external  scale.  Internal  oxidation  is 
usually  enhanced  by  the  presence  of  carbides  or  other  constituents, 
such  as  precipitates  at  grain  boundaries  (32).  Thermal  shock,  as 
well  as  application  of  static  stress  and  dynamic  stresses  (such  as 
encountered  in  gas  turbine  operation)  during  oxidation,  also  enhances 
internal  oxidation.  Thermal  shock,  in  particular,  can  cause  cracking 
and  spalling  of  protective  oxide  layers. 

Two  alloys,  FSX-414  (Co-30  Cr-10  Nl-7  W-0.25  C)  and  FSX-418  (Co- 
30  Cr-10  Ni-7  W-0.25  C-0.10  Y)  exhibited  the  best  oxidation  resistance 
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when  compared  to  the  previously  mentioned  superalloys.  This  was 
attributed  to  the  30%  Cr  level,  which  led  to  formation  of  greater 
amounts  of  Cr202  and  greater  scale  adherence.  The  significant 
Improvements  due  to  yttrium  in  FSX-418  were  associated  with  the 
(a)  almost  total  suppression  of  CoO  formation,  (b)  formation  of 
pore-free  MnCr20^,  and  (c)  vastly  improved  scale  adherence  due  to 
a keying  or  mechanically  locking  of  the  external  oxide  scale  to 
the  alloy  substrate.  Thermogravlmetric  analysis  techniques  were 
employed  in  order  to  compare  the  oxidation  rates  of  these  alloys 
in  air  at  a temperature  of  1100°C  (33). 

B.  Hot  Corrosion 

1.  The  Nature  of  the  Problem 

Hot  corrosion  was  recognized  as  early  as  the  1940 's  as  the 
major  cause  of  fireside  deterioration  in  boilers  (34).  Attention  to 
"sulfidation"  arose  on  the  introduction  of  the  gas  turbine  engine 
to  marine  application.  The  terms  "hot  corrosion"  and  "sulfidation" 
have  in  actuality  slightly  different  meanings.  The  accelerated  rate 
of  oxidation  which  occurs  when  metals  and  alloys  are  coated  with  (a) 
salts,  (b)  liquid  metal  oxides,  and  (c)  mixtures  of  the  two  is  com- 
monly called  "hot  corrosion"  (35).  "Sulfidation"  attack  is  a form  of 
hot  corrosion  which  occurs  when  metals  and  alloys  are  coated  with 
a salt  composed  primarily  of  sodium  sulfate  (35).  Sulfidation  or  cat- 
astrophic oxidation  is  usually  initiated  by  combustion  of  a high 
sulfur-bearing  fuel  oil  (as  high  as  3.5%)  in  the  presence  of  sea  salt 
Ingested  in  the  intake  air  (36)  to  form  Na2S0^. 


DeCrescente  and 
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Bornstein  (37)  have  proven  that  sulfidation  occurred  only  If  Na2S0^ 
was  present  In  the  condensed  state. 

There  are  a number  of  theories  which  attempt  to  explain  how  the 
condensation  of  sodium  sulfate  on  the  alloy  surface  causes  fluxing 
of  a normally  protective  oxide  layer  such  as  AI2O2  or  Cr202.  Simons 
et  al.  (46)  postulated  that  the  accelerated  rates  of  oxidation  as- 
sociated with  sulfidation  attack  were  related  to  the  rapid  prefer- 
ential oxidation  of  sulfide  phases,  which  were  formed  when  a reducing 
agent  in  the  alloy  reacted  with  Na2S0^.  Another  group  (47,48)  pos- 
tulated that  the  loss  of  oxidation  resistance  was  due  to  chromium- 
depletion  of  the  alloy  at  the  alloy/oxide  interface  through  the  for- 
mation of  chromium-rich  sulfide  precipitates.  Quets  and  Dresher  (49) 
indicated  that  the  formation  of  alkali  compounds,  i.e.,  NaA102  or 
Na2CrO^,  was  the  necessary  driving  force  to  release  sulfur  for  sul- 
fide formation.  Bornstein  and  DeCrescente  (50,51),  as  well  as  Goebel 
and  Pettit  (36,52,53), proposed  that  the  accelerated  oxidation  observed 
with  nickel-base  alloys  was  related  to  the  inability  of  the  alloy  to 
form  a protective  oxide  scale  due  to  the  presence  of  oxide  ions  in 
the  Na2S0^  layer. 

Along  with  Na2S0^,  there  are  other  impurities  present  both  in 
the  fuel  gas  initially  and  as  combustion  residues  which  enter  into 
the  corrosion  process.  The  gas  turbine  environment, therefore,  con- 
tains O2,  H2,  N2,  CO2,  S02>and  SO^  gases  as  well  as  gaseous,  liquid 
or  solid  Na2S0^,  NaCl,  Na20,  V20^,  PbO. and  PbSO^  at  high  temperature, 
pressure  and  velocity.  It  is  evident  that  the  hot  corrosion  or  sul- 
fidation mechanism  can  become  quite  complex.  This  was  shown  by 
Pantony  et  al.  (38)  who  studied  the  corrosion  of  cobalt  in  molten 
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slags,  and  the  Investigation  by  Bornsteln  et  al.  (35)  on  the 
effect  of  vanadium  and  sodium  compounds  on  the  accelerated  oxidation 
of  nickel-based  alloys.  A study  (39)  was  also  made  on  the  effect  of 
the  presence  of  lead  compounds  (PbO  and  PbSO^)  In  the  environment 
on  the  corrosion  resistance  of  alloys,  such  as  MAR-M-302. 

Thus,  there  Is  a substantial  amount  of  data  available  concerning 
the  hot  corrosion  or  sulfidation  process.  Unfortunately,  a detailed 
understanding  of  the  nature  of  the  hot  corrosion  mechanism  cannot  be 
formulated  from  these  data  for  the  following  reasons  (36) : 

(1)  Hot  corrosion  degradation  can  be  Initiated  by  a variety 
of  ash  deposits  and  therefore  there  are  probably  a num- 
ber of  mechanisms  by  which  this  degradation  occurs. 

(2)  Materials  ranging  from  pure  metals  to  complex  alloys  have 
been  examined  but  the  results  of  these  tests  cannot  be 
compared  due  to  the  variation  In  testing  procedures. 

2.  Potential  Solutions 

There  does  not  appear  to  be  any  simple  solution  to  the 
problem  of  hot  corrosion  or  sulfidation.  A number  of  methods  have 
been  used  to  combat  hot  corrosion.  These  are: 

(1)  Control  or  removal  of  aggressive  impurities. 

(2)  Development  of  new  alloys  with  Improved  combination  of 
hot-corroslon  resistance  and  mechanical  properties. 


(3)  Development  of  protective  surface  coatings. 
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The  most  obvious  solution  would  be  to  prevent  the  active  constituents 
in  the  hot  corrosion  process  from  entering  the  turbine.  Sodium  can  be 
reduced  by  using  air  filtration  systems  (58),  and  crank  water  washing. 

The  sulfur  cannot  be  removed  by  simple  techniques.  The  trend  is  to  use 
low-grade  fuel  oils,  which  may  contain  several  parts  per  million  of  so- 
dium and  up  to  3%  sulfur.  It  is  quite  difficult,  therefore,  to  eliminate 
the  aggressive  impurities  in  the  hot  corrosion  process. 

At  a significant  reduction  in  thermal  efficiency,  the  surface 
temperature  of  components  in  the  reaction  zone  could  be  reduced  to  a 
point  where  the  hot  corrosion  process  could  not  occur.  This,  however, 
is  not  economically  feasible,  since  the  advantages  of  a higher  firing 
temperature  far  outweigh  the  advantages  of  cooling. 

The  two  most  promising  solutions  to  the  problem  of  hot  corrosion 
are  development  of  protective  coatings  and/or  new  alloys.  There  are 
three  major  classes  of  protective  coating  systems  for  superalloys: 
aluminlde  coatings,  metallic  claddings  or  overlay  coatings,  and  glass 
ceramic  coatings.  The  first  practical  coating  for  nickel  and  cobalt- 
based  superalloys  was  based  on  the  intermetallic  compounds  NiAl  and 
CoAl  (aluminlde  coatings)  produced  by  elevated  temperature  dlffusional 
Interaction  of  aluminum  with  the  substrate  alloys  (56).  Coward  (54, 

55)  recognized  these  coatings  can  be  lost  by  periodic  spalling  of 
the  protective  layer,  diffusion  of  aluminum  into  the  substrate,  and 
abrasion  of  the  coating.  The  addition  of  yttrium  to  coatings  to  im- 
prove the  spalling  resistance  of  the  oxide  layer  has  led  to  the  de- 
velopment of  Co-Cr-Al-Y,  Nl-Cr-Al-Y,  and  Fe-Cr-Al-Y  coatings,  which 
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which  are  applied  as  overlays  rather  than  by  diffusion  (56,57). 
Electron  beam  vapor  deposition,  sputtering  and  plasma  spraying  are 
the  processes  currently  being  used  to  apply  these  types  of  coat- 
ings (57). 

Within  the  last  ten  years,  the  development  of  new  alloys  with  an 
improved  combination  of  hot  corrosion  resistance  and  mechanical 
properties  has  been  accomplished  through  modification  of  nickel- 
chromium  and  cobalt-chromium  based  alloys.  These  modifications 
have  been  centered  around  the  use  of  strengthening  mechanisms  such 
as  control  of  grain  orientation,  dispersion  of  oxide  particles 
(dlspersolds) , and  dislocation  networks  (59).  Wright  (60)  has  re- 
cently shown  that  the  addition  of  Y2O2  dlspersolds  to  Co-Cr-Al  al- 
loys improved  not  only  the  hot  corrosion  resistance  but  the  oxida- 
tion resistance  of  this  alloy.  The  addition  of  the  dispersed 
oxide  particles  to  Co-20  Cr-Al  alloys  allowed  the  formation  of  com- 
plete Cr202  scales  at  chromium  concentrations  of  20%  or  less,  in- 
stead of  the  30%  or  more  required  in  dispersion-free  alloys.  As 
reported  previously  (61),  the  cobalt-based  alloys  exhibited  better 
hot  corrosion  resistance  than  comparable  nickel-based  alloys  (60). 
Both  the  cobalt  and  nickel-based  alloys  contained  similar  chromium 
levels  and  both  formed  adherent  Cr20^  scales.  Alumina-forming  Co- 
Cr-Al  alloys  appeared  superior  to  equivalent  Nl-Cr-Al  alloys;  how- 
ever, the  alloys  forming  AI2O2  scales  were  more  susceptible  to  hot 
corrosion  than  alloys  forming  CT2O2  scales  (60). 

3.  Gas  Turbine  Environments 

In  order  to  develop  a meaningful  laboratory  test  for 
examining  the  hot  corrosion  of  materials,  it  is  essential  that  the 
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environmental  factors  within  the  gas  turbine  be  known.  Some  of 
these  environmental  factors  are  (62) : 

(1)  Metal  temperatures  and  fluctuations. 

(2)  Gas  temperature  and  composition  and  fluctuations. 

(3)  Gas  pressure  and  velocity. 

(4)  Presence  of  certain  impurities  in  the  fuel  or  intake  air, 
e.g.,  Na,  V,  K,  Pb,  etc. 

The  temperatures  to  which  the  alloys  are  subjected  in  the  engine  depend 
very  much  on  the  particular  application.  A high  performance  aircraft 
turbine  may  have  a turbine  inlet  temperature  above  1250°C,  but  due  to 
blade  cooling,  the  overall  metal  temperature  may  be  850-900°C.  Oils 
(63)  has  shown  surface  temperature  fluctuations  greater  than  15°C 
per  second  for  turbines  operating  at  constant  power  settings.  Blades 
are  also  highly  stressed,  e.g.,  average  stresses  for  an  aircraft  tur- 
bine are  20,000  psi.  Thermal  cycling  of  the  turbine  occurs  during 
normal  operation  and  blade  lifetimes  vary  from  5,000  to  10,000  hours. 

A typical  turbine  engine  is  cooled  to  room  temperature  and  heated  up 
again  for  2 or  3 hours  running  time  (62). 

The  atmosphere  in  a turbine  is  nearly  always  highly  oxidizing, 
with  the  exception  of  take-off  and  landing  where  it  is  fuel  rich. 
Fuel/air  ratios  have  been  quoted  by  Tschlnkel  (64)  as  about  0.36  at 
take-off,  dropping  to  0.2  during  cruising, and  as  low  as  0.05  during 
idle.  The  composition  of  the  Ingested  sea  air  will  be  0.15-0.20 
mole  fraction  oxygen,  0.73  mole  fraction  nitrogen, and  0.05  mole  frac- 
tion of  both  CO2  and  H2O.  The  gas  pressure,  depending  on  the  compre- 
ssion ratio,  will  be  in  the  10-20  atm  traveling  at  a velocity  of 


Mach  0.9. 
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During  combustion  of  a fuel  containing  0.5  wt%  sulfur,  the 

-4 

SO2  concentration  could  be  of  the  order  of  1x10  mole  fraction 

-4  -4 

and  the  SO^  concentration  will  be  0.4x10  to  0.1x10  mole  frac- 
tion. In  actuality,  the  SO2/SO2  mole  ratio  is  around  1/100  due 
to  the  fact  that  only  a small  portion  of  the  air  burns  in  the 
primary  combustion  zone  and  the  residence  time  in  the  turbine 
for  this  portion  will  be  on  the  order  of  5 to  10  milliseconds  (64). 

The  presence  of  certain  impurities  in  the  fuel  or  intake  air 
is  the  cause  of  hot  corrosion.  The  most  important  of  these  are 
sodium  salts,  which  react  with  the  sulfur  in  the  fuel  to  form 
Na2S0^.  Estimates  of  the  amount  of  sea  salt  ingested  with  the 
intake  air  vary  from  1.5ppm  at  20  feet  above  sea  level  to  0.01 
ppm  at  several  thousand  feet  altitude  (64).  Both  Tschinkel  (64) 
and  DeCrescente  and  Bornstein  (37)  have  reported  that  condensa- 
tion of  Na„S0,  should  not  occur  with  NaCl  concentrations  of  less 
2 4 

than  5 ppm  at  blade  temperatures  of  900°C.  At  temperatures 

slightly  below  800°C, less  than  0.1  ppm  of  NaCl  was  required  for 

Na-SO,  condensation. 

2 4 

Vanadium  is  present  in  lower  grade  fuels  and  concentrations 
could  be  as  high  as  500  ppm.  The  vanadium  forms  a liquid  slag 
layer,  which  fluxes  the  protective  oxide  and  allows  direct  oxida- 
tion of  the  metal  to  occur.  The  liquid  slag  could  contain  both 

V„0c  and  Na-SO. . 

2 3 2 4 

4.  Formation  of  Na.SO, 

2 4 

DeCrescente  and  Bornstein  (37)  compared  the  equilibrium  vapor 


pressure  of  NaCl  to  the  partial  pressure  of  NaCl  as  a function  of 
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temperature  and  pressure.  They  concluded  that  NaCl  was  present  In  the 
turbine  section  as  a vapor  above  725°C  for  salt  concentrations  as  high 
as  1 ppm  and  at  pressures  from  1 to  20  atm  (engine  compression  ratio  70 
to  1).  The  NaCl  vapor  then  reacted  with  the  SO2  or  SO^  gases  produced 
from  the  combustion  of  sulfur  present  in  the  fuel  according  to  the  fol- 
lowing equations: 

2S.Cl(^,«02(g)+  (19) 

and 

2NaCl.  .+S0„.  x+H»0,  .^Na.SO, , ,+2HCl,  , . (20) 

(g)  3(g)  2 (g)^  2 4(g)  (g) 


They  also  calculated  the  equilibrium  constants  Kp  for  the  temperature 

range  of  430-1230° K at  constant  temperature.  The  large  values  of  K , 10^^ 

P 

at  430 °K  to  10^  at  1030 °K  for  reaction  (20), indicated  that  formation  of 
Na2S0^  and  HCl  was  thermodynamically  favored  over  this  temperature  range. 
Therefore, the  conversion  of  NaCl  to  Na2S0^  was  expected  to  be  high. 

The  value  of  the  equilibrium  constant  at  1000  C and  atmospheric 
pressure  was  used  to  calculate  the  amount  of  HCl  formed  (equal  to  2 
times  the  amount  of  Na2S0^  formed)  from  NaCl  present  in  the  intake  air 
at  a concentration  of  1 ppm.  The  equilibrium  constant  in  terms  of 
of  mole  fraction  (x)  of  reactant  and  product  varied  with  pressure  accord- 
ing to  the  relationship: 


\ , (21) 

where  An  was  the  sjm  of  the  number  of  moles  of  gaseous  product  minus 
the  sum  of  the  number  of  moles  of  gaseous  reactants.  According  to 
Equation  (19),  An  » 2.5;  therefore. 


K 

X 


K 

P t 


NaCl 


2.5 


•(22) 
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The  mole  fractions  (x)  of  the  reactants  and  products  were  calculated 
and, substituting  Into  Equation  (22),  it  was  found  that  75%  of  the  NaCl 
was  converted  to  Na2S0^  and  HCl.  At  higher  pressures  and  lower  temp- 
eratures, almost  complete  conversion  of  NaCl  to  Na2S0^  would  have  to 
be  assumed. 

Tschinkel  (64)  pointed  out  that  above  1100°C,  the  conversion  of 
NaCl  to  NaOH  would  become  Important  according  to  the  following  equa- 
tion: 

NaCl.  v+H_0-  . ^ NaOH,  .+HC1,  . (23) 

(g)  2 (g)  (g)  (g) 

and, subsequently, the  conversion  of  NaOH  to  Na2S0^: 

2Na0H^gj+S02^g^  ^ Na2S0^ (g)+H20  . (24) 

Based  on  equilibrium  calculations,  Tschinkel  (64)  also  pointed  out 
that: (a)  SO^^^j  would  be  dominant  at  low  gas  temperatures  as  during 
idling,  whereas  502^^^  would  prevail  at  high  temperatures  during 
take-off;  (b)  the  formation  of  Na2S0^  vapor  could  occur  only  at  the 
lower  temperatures  prevailing  in  the  secondary  combustion  zone;  and 
(c)  Na2S0^  vapor  dissociated  strongly  above  1100°C.  As  a consequence 
of  a,  b,  c,  Na2S0^  would  condense  and  deposit  on  airfoils  at  low 
power  levels  (e.g.,  during  idling)  (65). 

5.  Hot  Corrosion  Mechanisms  of  Cobalt-Based  Alloys 

A number  of  mechanistic  studies  on  the  sulfidation  and  hot 
corrosion  of  pure  cobalt  and  cobalt-based  alloys  have  been  undertaken. 
However,  a clear  description  of  the  hot  coi.*osion  process  has  still 
not  been  provided,  due  to  the  inability  to  compare  results  from  the 
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various  types  of  hot  corrosion  tests.  Before  a survey  of  these 
mechanisms  can  be  undertaken,  a description  of  the  various  testing 
methods  Is  In  order.  The  Ideal  test  would  be  to  study  materials 
obtained  from  gas  turbines  used  in  actual  service.  From  the  dis- 
cussions on  gas  turbine  environments  and  formation  of  Na2S0^,  it  is 
obvious  that  conditions  could  not  be  adequately  controlled  in  a gas 
turbine  in  order  to  compare  one  test  with  another.  For  this  reason, 
researchers  have  attempted  to  evolve  suitable  laboratory  tests, 
while  alloy  developers  have  utilized  simulator  rig  tests.  The 
burner-rigs  or  dynamic  combustors  attempt  to  reproduce,  as  far  as 
possible,  the  conditions  existing  in  a gas  turbine. 

The  isothermal  crucible  test  was  one  of  the  earliest  methods 
used  in  the  laboratory  to  evaluate  hot  corrosion  resistance  of  super- 
alloys. A specimen  was  completely  or  partially  submerged  in  a con- 
tainer of  fused  salt  such  as  Na„SO,  or  Na.,SO,-NaCl  mixtures  at  an 

2 4 2 4 

elevated  temperature.  Gases  could  be  bubbled  through  the  melt  or 
passed  over  it  to  provide  oxidizing  or  reducing  environments.  Ad- 
ditional variations  included  alternately  dipping  and  removing  the 
specimens  from  the  melt.  The  crucible  test  has  been  useful  in 
ranking  alloys  of  similar  base  composition  as  to  their  relative 
hot  corrosion  resistance. 

An  alternative  laboratory  technique  was  introduced  by  Simons 

et  al.  (46)  in  which  the  specimen  was  first  coated  with  a thin 

2 

layer  of  salt  (usually  1 mg/cm  of  Na2S0^)  and  then  oxidized  in 
a thermobalance.  The  major  drawback  to  this  test  was  that  the 
specimen  surface  was  not  continually  supplied  with  a coating  of 
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Na2S0^.  The  test  therefore  proceeded  with  changing  chemical 
potentials  of  the  Na2S0^,  since  some  of  the  salt  was  consumed  in 
the  corrosion  reaction.  Modifications  of  this  technique  have  been 
introduced  such  as  periodically  dipping  the  sample  into  molten 
salt  to  renew  the  coating  and  thermal  cycling  of  the  sample. 

A recent  technique  originally  suggested  by  Dean  (66)  has  been 
used  in  an  attempt  to  overcome  the  lack  of  a continual  supply  of 
Na2S0^  to  the  sample  surface.  In  this  test,  the  salt  was  intro- 
duced into  the  gas  stream  as  a vapor  by  passing  the  gases  over 
heated  Na2S0^  before  reacting  with  the  specimen.  The  Na2S0^  is  at 
a higher  temperature  than  that  of  the  specimen  so  that  continual 
condensation  of  the  Na2S0^  was  expected. 

The  burner  rig  or  dynamic  combustor  tests  used  by  alloy 
developers  such  as  General  Electric  and  Pratt  and  Whitney  were 
designed  to  simulate  conditions  in  a gas  turbine.  Sulfur-bearing 
fuel  oils  (as  high  as  3.5%)  were  burnt  with  air  from  an  auxiliary 
compressor,  and  specimens  were  exposed  to  the  combustion  gases 
downstream.  Salt  could  be  introduced  either  in  the  fuel  or  in 
the  air  as  an  aqueous  solution  of  synthetic  sea-salt.  The  major- 
ity of  these  rigs  ran  at  atmospheric  pressure  and  low  gas  velocities 
of  the  order  of  50-100  meters/second.  There  were  a few  high  speed 
and  pressure  rigs  which  ran  at  a velocity  in  excess  of  300  meters/ 
second  and  operated  at  pressures  up  to  20  atm.  The  salt  content 
ranged  from  1 to  200  ppm,  but  more  recently, salt  levels  of  1 to  5 
ppm  have  been  used  (67). 

The  salt-coated  oxidation  test  (46)  was  used  by  Goebel  et  al. 
(36)  to  construct  a model  for  the  hot  corrosion  of  pure  cobalt. 
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This  model  was  an  extension  of  suggestions  originally  proposed  by 

Bornstein  and  DeCrescente  (37,50,51).  In  this  study, specimens  of 

pure  cobalt  were  coated  with  Na2S0^  and  then  oxidized  in  air  at 

1000°C.  Initially,  a thin  oxide  layer  of  CoO  was  formed  beneath 

the  Na^SO^;  diffusion  of  oxygen  through  the  molten  salt  was  slow 

so  that  the  activity  of  sulfur  became  sufficient  to  diffuse  through 

the  oxide  and  react  with  the  metal  to  form  cobalt  sulfides.  The 

removal  of  sulfur  from  the  salt  produced  a consequent  Increase  in 

oxide  ion  activity  (that  is,  the  salt  became  more  basic)  at  the 

salt-oxide  interface.  This  oxide  was  reacted  with  the  CoO  to  form 
2- 

C0O2  which  diffused  to  the  Na2S0^/gas  interface  (region  of 

lower  oxide  ion  activity)  where  CoO  was  reprecipitated.  The  for- 
2- 

mation  of  C0O2  ions  allowed  the  layer  of  CoO  to  be  penetrated  by 
the  Na2S0^  in  localized  regions,  and  portions  of  the  oxide  then 
became  detached  from  the  metal.  Successive  layers  of  oxide  were 
detached  by  a similar  mechanism  and  the  oxidation  rate  was  increased 
because  the  oxidation  product  was  formed  as  a series  of  discontin- 
uous layers  rather  than  as  one  dense, continuous  and  adherent  layer. 
This  is  "basic  fluxing."  Metallographic  examination  of  the  hot 
corroded  specimens  revealed  that  initially  a porous  non-protective 
oxide  developed,  but  in  the  steady  state  region «a  compact  oxide  de- 
veloped beneath  this  first  formed  porous  oxide. 

A recent  study  by  Johnson  et  al.  (68)  examined  the  effect  of 

Na-SO,  coatings  on  the  oxidation  of  pure  cobalt  in  oxygen  (Pq  -1  atm) 

2 

at  900'’C.  They  found  the  Na2S0^  coating  produced  no  initial  accel- 
erated attack  and  tin  fact t the  rate  was  consistently  reduced  by  the 
salt  layer.  The  scale  formed  on  cobalt  was  compact  but  the  metal/ 
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oxide  interface  showed  marked  irregularity  with  considerable  amounts 

of  sulfides  present.  The  fact  that  sulfur  penetrated  the  protective 

CoO  layer  and  formed  cobalt  sulfides  indicated  that  the  oxide  ion 

activity  (the  Na20  content)  of  the  salt  was  Increased.  Also, since 

there  was  no  Increase  in  the  oxidation  rate  and  no  change  in  the  scale 

morphology  of  the  coated  specimens,  Johnson  et  al.  (68)  concluded 

that  either:  (a)  the  oxide  ion  activity  increased,  but  not  suffic- 

2- 

lently  enough  to  form  cobaltate  ions  C0O2  ; or  (b)  such  a cobalt 

2- 

contalnlng  species  as  C0O2  does  not  exist.  Coupons  of  CoO  were 

subsequently  reacted  with  Na2S0^  made  artificially  basic  by  addi- 

2_ 

tlons  of  Na20  to  determine  if  the  formation  of  C0O2  was  possible. 

The  coupon  showed  considerable  weight  loss  and  it  appeared  that 
2- 

C0O2  could  be  formed.  Therefore , the  basicity  achieved  during 
the  coating  test  was  insufficient  to  flux  the  CoO  and  it  was  con- 
cluded that  the  "basic  fluxing"  mechanism  was  of  minor  Importance 
in  the  hot  corrosion  of  cobalt.  A further  study  by  Johnson  et 
al.  (69),  utilizing  a technique  originally  developed  by  Dean  (66) 
for  continual  deposition  of  Na2S0^  at  the  sample  surface, confirmed 
that,  at  950°C,baslc  fluxing  did  not  occur. 

Vfhen  hot  corrosion  first  became  a problem,  it  was  found  that 
chromium  was  the  key  element  in  preventing  severe  high  temperature 
corrosion.  Davln  et  al.  (23)  studied  the  hot  corrosion  of  Co-10  Cr 
and  Co-30  Cr  alloys  in  an  atmosphere  of  burnt  fuel  oil  (sulfur  con- 
tent 17.)  and  air  from  800  to  1000°C.  Brine  was  also  Injected  into 
the  combustion  furnace  to  ensure  formation  of  Na2S0^.  At  1000“C, 
the  Co-10  Cr  was  heavily  corroded, while  the  Co-30  Cr  alloys  showed 
good  resistance.  Microprobe  examination  of  the  Co-10  Cr  alloy 
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revealed  that  the  scale  consisted  of  several  layers.  A Cr202  layer 
was  found  adjacent  to  the  metal.  The  next  layer  was  composed  of  a 
mixture  of  Cr202  and  CrS,  followed  by  a cobalt  sulfide  layer,  and 
finally  by  an  outer  layer  of  CoO.  It  was  concluded  that  the 
Na2S0^  acted  as  a reducing  agent,  causing  elemental  sulfur  to  form 
and  attack  the  subjacent  metal.  Additions  of  aluminum,  tantalum, 
and  yttrium  to  the  Co-30  Cr  alloy  led  to  some  Improvement  in  the 
corrosion  resistance  of  the  base  alloy.  It  was  also  noted  that  co- 
balt-based alloys  exhibited  better  hot  corrosion  resistance  than 
corresponding  nickel-based  alloys.  Kaufman  (70)  examined  a number 
of  experimental  alloys  based  on  Co-25  Cr  and  found  the  corrosion 
resistance  was  better  than  the  Ni-25  Cr-based  alloys.  From  further 
studies,  Wagenhelm  (71)  concluded  that  chromium  was  beneficial  up  to 
30%  and  yttrium  was  also  beneficial  in  improving  the  corrosion  resis- 
tance of  cobalt-based  alloys. 

Goebel  et  al.  (36)  studied  the  catastrophic  oxidation  of  cobalt- 


chromium  and  cobalt-aluminum  alloys  which  contained  tungsten  or  molyb- 

2 

denum.  The  specimens  were  coated  with  0.5  mg/cm  of  Na2S0^  and 


oxidized  under  cyclic  conditions  in  pure  oxygen  (1*02  “ ^tm)  at 
1000°C.  Fresh  Na2S0^  was  applied  to  the  sample  surface  prior  to 


each  two-hour  oxidation  cycle.  An  alloy  such  as  Co-25  Al-12  W, 


which  forms  a protective  scale  of  AI2O2  during  normal  oxidation, 
was  used  as  an  example  to  explain  the  Na2S0^-lnduced  catastrophic 
oxidation.  During  the  initial  stages  of  oxidation,  an  AI2O2  scale 
was  formed.  The  AI2O2  was  not  penetrated  via  the  basic  fluxing 
process  as  was  the  case  for  pure  cobalt.  This  was  because  the 
tungsten  (or  molybdenum)  oxides,  which  were  formed  initially  along 


with  the  Al-0.  scale,  reacted  with  the  Na.SO,  and  decreased  the 
2 3 2 4 
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2- 

concentration  of  oxide  ions  in  the  Na2S0^  by  forming  WO^  ions. 

Under  cyclic  conditions  or  long  Isothermal  exposure,  the  Al20^ 
scale  cracked  and  allowed  the  Na2S0^  to  penetrate  to  the  metal 
surface  where  it  reacted  with  tungsten  (or  molybdenum).  The  mod- 
ified Na2S0^  ^^^^3  reacted  with  the  CoO  via  an  acidic  fluxing 

reaction  to  form  a porous  outer  scale  of  CoO  and  AI2O2.  Alloys 
such  as  Co-25  Cr-12  W,  Co-25  Cr-6  Mo,  and  Co-25  Al-6  Mo  were  ob- 
served to  undergo  catastrophic  oxidation  according  to  the  acidic 
fluxing  mechanism. 

Goebel  et  al.  (36)  noted  that  high  chromium  contents  in  cobalt- 

based  alloys  were  beneficial  in  providing  hot  corrosion  resistance 

regardless  of  the  type  of  degradation  mechanism.  The  scales 

formed  on  Co-35  Cr  alloys  were  not  penetrated  by  the  Na2S0^. 

Johnson,  Whittle  and  Stringer  (68,72)  designed  a program  to 

study  the  applicability  of  the  salt-fluxing  models  described  by 

Goebel  et  al.  (36)  to  cobalt-based  systems.  They  also  wanted  to 

verify  that  cobalt-based  alloys  were  superior  in  h ..  corrosion  to 

nickel-based  alloys.  In  the  preliminary  study  (68),  Co-Cr,  Co-W, 

2 

and  Co-Cr-W  alloys  were  coated  with  Na2S0^  (0.5  to  1 35  mg/cm  ) 

prior  to  suspension  in  a helical  pyrex  spring  thermobalance  in 

oxygen  (P  =1  atm)  at  900°C.  The  oxidation  rate  of  Co-7 . 5 W Increased 

compared  to  pure  cobalt  when  coated  with  Na2S0^.  A loose,  porous 

CoO  scale  was  formed  as  the  salt  became  acid.  This  implied  that 

the  "acid  fluxing"  mechanism  was  operative,  with  the  cobalt  being 

2+ 

removed  into  the  salt  presumably  as  Co  and  oxidized  at  the  outer 
surface  of  the  Na2S0^  to  form  a porous  CoO  layer.  The  function  of 
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chromium  was  found  to  be  more  complicated.  For  alloys  which  contained 
20%  Cr  or  less,  the  degree  of  accelerated  oxidation  produced  by  Na2S0^ 
was  Independent  of  the  chromium  content.  There  was  evidence  that 
the  salt  became  more  acid  for  these  alloys,  but  the  lower  stability 
of  sodium  chromate  meant  that  the  salt  would  not  become  as  acid  as 
In  the  case  of  the  Co-W  alloys.  Therefore, the  acid  fluxing  process 
was  not  Initiated.  Alloys  with  greater  than  25%  Cr  exhibited  low- 
accelerated  oxidation  rates.  This  was  attributed  to  the  formation 
of  a continuous  Cr20^  scale  which  was  unaffected  by  the  salt  and 
blocked  the  outward  diffusion  of  cobalt. 

In  a further  study  (72),  Johnson  et  al.  described  the  Na2S0^ 
Induced  accelerated  oxidation  of  commercial  nickel  and  cobalt- 
based  superalloys.  The  superalloys  which  formed  protective 
scales  such  as  B1900,  IN.713LC  and  MAR-M-246  were  found  to  be  more 
susceptible  to  Na2S0^  Induced  oxidation  than  Cr202-formlng  alloys 
such  as  X-40  and  MAR-M-509.  The  following  sequence  of  reactions 
was  suggested  for  alloys  forming  scales: 

(a)  Acidic  fluxing  occurs,  producing  an  outer,  porous  oxide  layer 
and  sulfides  within  the  alloy. 

(b)  The  outer  porous  layer  falls  away  from  the  surface. 

(c)  The  sulfides  penetrate  further  Into  the  alloy  followed  by  In- 
ternal oxidation;  a protective  oxide  layer  cannot  be  re-estab- 
lished due  to  severe  depletion  of  the  required  reactive  element. 

A similar  sequence  of  events  was  applicable  for  Cr202-formlng  alloys, 
with  the  exception  of  the  first  step.  ^>^2^3  have  to  be 

rendered  Ineffective  either  by  thermal  cycling  or  spalling  due  to 
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the  presence  of  NaCl  in  the  gas  stream.  Additions  of  refractory 
elements,  tungsten,  molybdenum  or  niobium  which  are  present  in 
most  superalloys  as  solid  solution  strengtheners  caused  acidic 
fluxing  by  reacting  with  the  oxide  ions  in  the  condensed  Na2S0^. 

Johnson  et  al.  (72)  concluded  that  acidic  fluxing  is  more 
Important  than  basic  fluxing  as  evidenced  from  the  above  discus- 
sion. Acidic  fluxing  could  be  prevented  by  the  rapid  establish- 
ment of  a protective  Cr202  layer.  The  stability  of  Cr20j  layer 
under  acidic  conditions  accounted  for  the  superiority  of  cobalt- 
based  alloys  over  nickel-based  alloys,  since  most  cobalt-based 
alloys  contain  higher  levels  of  chromium. 

The  behavior  of  cobalt  and  nickel-based  superalloys  was  also 
studied  by  Johnson  et  al.  (69)  under  conditions  of  a continual 
supply  of  Na2S0^  to  the  sample  surface.  The  normally  corrosion- 
resistant  Co-25  Cr  alloy  was  found  to  undergo  acidic  fluxing. 

It  was  found  that  the  protective  Cr202  layer  was  removed  due  to 
the  formation  of  Na2Cr0^.  Considerable  penetration  of  sulfur 
into  the  alloy  and  precipitation  of  chromium-rich  sulfide  particles 
in  the  grain  boundaries  then  occurred.  Additions  of  aluminum  and 
manganese  were  found  to  reduce  the  formation  of  Na2Cr0^  slightly, 
since  both  of  these  elements  have  a higher  affinity  for  sulfur 
than  chromium. 

The  effect  of  carbon  on  the  hot  corrosion  of  cobalt-based 
alloys  was  studied  by  El-Dahshan  et  al.  (72).  Carbon  is  present 
in  most  cobalt-based  superalloys  since  it  is  required  for  the 
formation  of  carbides  for  strengthening.  It  was  thought  to  react 
with  the  chromium  to  form  stable  chrome  carbides;  thus  reducing 
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the  chromium  content  of  the  matrix.  Both  crucible  and  coated 
specimen  tests  were  used.  The  samples  were  Immersed  In  Na^SO^ 
at  900°C  up  to  100  hours.  These  results  Indicated  that  pure 
Na2S0^  was  relatively  inactive  towards  Co-Cr  alloys  containing 
up  to  2%  C. 

Finally,  Sims  et  al.  (73)  summarized  the  behavior  of  cobalt 
and  nickel-based  superalloys  when  tested  in  a burner  rig  or  dy- 
namic combustor  which  simulates  a gas  turbine  environment.  They 
found  that  cobalt-based  alloys  such  as  X-40  and  FSX-414  had  ex- 
cellent overall  hot  corrosion  resistance  up  to  1900“F  when  com- 
pared to  nickel-based  alloys. 


IV.  EXPERIMENTAL  PROCEDURES 


A.  General  Description  of  Experimental  Methods 

The  rate  of  oxidation  and  hot  corrosion  of  pure  cobalt  and  a 
series  of  cobalt-based  alloys  containing  varying  amounts  of  chromium 
and  silicon  were  determined  by  continuous  thermogravlmetrlc  measure- 
ments for  both  Isothermal  and  thermal  cycling  tests.  The  Isothermal 
oxidation  studies  were  performed  In  an  atmosphere  of  dry  oxygen  at 
0.1  atmospheric  pressure.  Both  the  Isothermal  and  cyclic  hot  cor- 
rosion studies  were  conducted  utilizing  a continuous  supply  of 
Na2S0^  to  the  sample  surface.  A constant  reaction  temperature  of 
1000°C  was  maintained  for  all  experiments.  The  oxide  layers  which 
formed  were  then  examined  by  metallographlc,  x-ray  diffraction  and 
microprobe  techniques. 

B.  Thermogravlmetrlc  Analysis  (TGA) 

1.  Thermobalance 

An  Ainsworth  Type  FV-AU-1  automatic  recording  microbalance 
with  a capacity  of  5 grams  and  a full  scale  range  of  1.0  mg  was  used 
In  this  Investigation.  The  balance  sensitivity  was  0.01  mg  with 
a readability  of  0.001  mg  and  reproducibility  of  - 0.003  mg.  Beam 
deflections  caused  by  weight  changes  were  transmitted  to  a strip- 
chart  recorder  which  recorded  the  weight  change  as  a function  of 
time.  A flow  of  helium  was  maintained  In  the  bell  jar  and  pyrex 
tube  connecting  the  balance  with  the  reaction  chamber  to  prevent 
any  of  the  corrosive  gases  In  the  reaction  chamber  from  reaching 
the  balance  assembly. 
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2.  Reaction  Chambers 

The  balance  was  mounted  above  the  furnace  and  the  specimens 
were  suspended  by  a quartz  fiber  into  the  hot  zone  of  the  reaction 
chamber  for  oxidation  tests, while  a platinum  chain  was  used  for  the 
hot  corrosion  tests.  The  balance-furnace-reaction  chamber  assembly 
is  shown  schematically  in  Figure  2.  The  same  t3rpe  of  reaction  chamber 
was  used  for  both  the  oxidation  and  hot  corrosion  experiments  as 
shown  in  Figure  3.  The  reaction  chamber,  which  was  a Mullite  (MV-30) 
tube  (1.0"O.D.) ,was  positioned  inside  an  outer  chamber  of  Vycor.  The 
inner  Mullite  tube  was  necessary  to  preclude  interaction  between  the 
Na2S0^  used  in  the  hot  corrosion  studies  and  the  Vycor  chamber.  For 
the  hot  corrosion  experiments, an  alumina  crucible  containing  approx- 
imately two  grams  of  Na2S0^  was  positioned  on  top  of  the  lower  thermo- 
couple well. 

The  design  of  the  reaction  chamber  enabled  the  gases  to  be  pre- 
heated prior  to  entering  the  reaction  zone.  Gas  preheating  was 
utilized  in  order  to  aid  in  maintaining  a uniform  temperature  of 
1000°C  at  the  sample  surface.  The  gas  flow  is  shown  in  Figure  2. 
Reference  thermocouple  wells  were  also  placed  as  close  as  possible 
to  the  sample  and  alumina  crucible  in  order  to  provide  an  accurate 
temperature  measurement  of  the  two  hot  zones  inside  the  reaction 
chamber. 

3.  Furnace  and  Controller 

A two-zone  furnace  was  constructed  by  dual  winding  a 
Mullite  (MV-30)  furnace  tube.  Each  zone,  approximately  the  same 
length,  was  non-lnductlvely  wound  with  Kanthal  A-1  wire  at  nine 


Figure  2.  Balance-Furnace-ReacClon  Chamber  Assembly. 


A.  Ainsworth  automatic  recording  balance  (FV-AU-1) 

B.  Pyrex  bell  jar 

C.  Brass  disc  with  2-nim  diameter  hole 

D.  Pyrex-brass  seal 

E.  Pyrex  tube 

F.  Vycor  fiber 

G.  0-ring 

H.  Pyrex  tube  275  mn  long  with  6 mm  Inside  diameter 

I.  Ground  glass  joint 

J.  Vycor  fiber 

K.  Steel  guide  rods 

L.  Furnace  guide  tubes 

M.  Sample  suspended  In  hot  zone-1 

N.  Inner  Mulllte  reaction  chamber 

O.  Outer  Vycor  tube 

P.  High  temperature  Mulllte  furnace  tube 

Q.  Refractory  cement 

R.  Kanthal  A-l  furnace  winding;  zone-2 

S.  Kanthal  A-l  furnace  winding;  zone-1 

T.  Furnace  shell 


U.  Alumina  crucible  containing  Na2S0^  In  hot  zone-2 

V.  Lover  thermocouple  well 


Figure  3.  Reaction  chambers  for  oxidation  and  hot  corrosion  studies. 
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turns  per  inch.  Alumina  beads  were  used  to  Insulate  the  Mullite 
furnace  tube  from  the  steel  furnace  shell. 

The  temperature  of  each  hot  zone  was  maintained  by  a Leeds 
and  Northrup  controller  to  within  - The  controlling  thermo- 

couples(platlnum-platlnum-10%  rhodium)  were  encased  In  Mullite 
tubes,  which  were  cemented  adjacent  to  the  furnace  windings. 
Reference  thermocouples  of  platinum-platlnum-10%  rhodium  were 
used  to  measure  the  temperature  of  each  hot  zone  Inside  the  reac- 
tion chamber.  This  temperature  was  correlated  to  the  temperature 
measured  by  the  controlling  thermocouples.  The  controllers  were 
then  adjusted  to  maintain  a temperature  of  1000°C  in  the  upper 
hot  zone  (specimen-containing  zone)  and  1050°C  in  the  lower  hot 
zone  (zone  containing  the  Na2S0^  in  an  alumina  crucible  during 
the  hot  corrosion  experiments). 

Provision  was  also  made  to  permit  thermal  cycling  of  the 
specimen  by  periodically  raising  and  lowering  the  furnace.  This 
was  accomplished  by  connecting  a motor-gear  drive  assembly,  which 
was  operated  by  a timer,  to  the  furnace  shell. 

4.  Gas  Preparation 

The  gases  used  in  this  investigation  were  commercial- 
grade  oxygen,  helium,  hydrogen  and  a special  mixture  of  oxygen 
+ 0.15  vol.%  SO2  obtained  from  Alrco,  Inc.,  which  was  utilized 
in  the  hot  corrosion  experiments.  The  hydrogen  was  passed  through 
a commercial  catalytic  purifier  in  order  to  react  the  oxygen  pre- 
sent as  an  impurity  with  hydrogen  to  form  water  vapor.  The  water 
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vapor  was  then  removed  by  passing  the  gas  through  a Drierite  (CaSO^) 
column.  Helium  was  purified  by  first  passing  It  through  a copper 
oxide  catalyst  at  175°C  to  react  any  hydrogen,  present  as  an  Impurity, 
with  the  copper  oxide  to  form  water  vapor.  The  helium  was  then  dried 
by  passing  It  successively  through  a magnesium  perchlorate  column, 
two  Ascarlte  columns,  and  a Drierite  column.  The  dry  helium  was  then 
passed  through  a sintered  copper  pellet  catalyst  at  175°C  to  remove 
any  oxygen,  present  as  an  Impurity,  followed  by  a magnesium  per- 
chlorate column  and  a liquid  nitrogen  trap  to  remove  any  residual 
water  vapor.  The  pure  oxygen  and  (oxygen  + SO2)  gases  were  passed 
through  a Drierite  column  to  remove  water  vapor. 

Manometrlc  flowmeters  were  used  to  regulate  the  gas  flow,  so 
that  the  desired  ratio  of  these  gases  could  be  obtained  for  the  oxi- 
dation or  hot  corrosion  reactions.  Dl-butyl  phthalate  was  used  In 
the  manometers  and  In  the  blow-off  columns  of  all  flowmeters.  The 
flowmeters  were  calibrated  by  measuring  the  rate  at  which  the  gas 
from  a flowmeter  displaced  a soap  bubble  up  a column  of  known 
volume.  After  the  gases  were  metered,  they  were  passed  through  a 
mixing  chamber  to  Insure  uniform  composition. 

C.  Materials  and  Sample  Preparation 

Oxidation  and  hot  corrosion  experiments  were  carried  out  on 
pure  cobalt,  cobalt-chromium,  cobalt-silicon,  and  cobalt-chromlum- 
slllcon  alloys.  The  alloys  were  produced  by  melting  the  constituent 
metals  In  an  Induction  furnace  under  an  Inert  atmosphere  of  helium. 
Base  materials  for  the  alloys  were  cobalt  metal  grade  V.P.  (99. 9Z  Co) 
from  Materials  Research  Corp.,  silicon  metal  (99.09%  SI,  0.01%  Ca, 
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0.01%  Al,  0.49%  Fe),  and  electrolytic  chromium  (99.8%  Cr,  0.2%  Fe). 
Analyses  of  the  materials  used  In  this  study  are  given  In  Tables  1 
and  2. 

The  Ingots  obtained  were  homogenized  at  1020°C  for  24  hours  In 
an  evacuated  Vycor  tube.  Samples  approximately  llmmx  9mmx  1.3mm 
were  then  cut  from  the  Ingots  and  a 1.59  mm  (1/16  Inch)  hole  was 
drilled  through  the  sample  to  facilitate  suspending  the  coupon  by 
quartz  fibers  from  the  balance  pan.  The  coupons  were  then  polished 
through  120,  240,  320,  400,  and  600  grit  silicon  carbide  paper.  Just 
prior  to  suspending  the  sample  In  the  reaction  chamber,  the  coupon 
was  again  polished  with  600  grit  to  ensure  all  oxide  films  had  been 
removed,  and  then  rinsed  with  acetone  to  degrease  them.  This  sample 
preparation  procedure  was  maintained  throughout  to  ensure  a valid 
comparison  and  analysis  of  the  experimental  data. 

D.  Experimental  Method 
1.  Oxidation 


An  oxidation  run  was  initiated  by  suspending  a sample  from 
the  balance  Into  the  reaction  chamber  by  quartz  fibers.  The  balance 
was  then  tared,  and  the  gas  lines  and  reaction  chamber  were  flushed 
with  purified  helium  for  thirty  minutes.  Helium  was  also  Introduced 
Into  the  bell  jar  and  pyrex  tube  connecting  the  balance  with  the 
reaction  chamber  to  prevent  any  of  the  corrosive  gases  from  reaching 
the  balance  assembly.  The  helium  flow  to  the  chamber  was  terml- 

3 

nated  and  purified  hydrogen  was  Introduced  at  a flow  rate  of  38  cm  / 
min.  Five  minutes  after  Initiation  of  the  hydrogen  flow,  the  furnace 
was  raised  and  the  sample  brought  to  reaction  temperature  (1000°C) . 
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TABLE  1 


ANALYSIS  OF  PURE  COBALT  METAL  AS  SUPPLIED  BY  THE 
MATERIALS  RESEARCH  CORPORATION 
Impurities  are  given  In  ppm  (1  ppm  “ .0001  wt  X) 


Impurities 

Cobalt 

balance 

Oxygen 

44.0 

Nitrogen 

0.9 

Carbon 

17.0 

Boron 

14.0 

Lithium 

0.003 

Flour ine 

8.4 

Sodium 

3.6 

Magnesium 

26.0 

Aluminum 

2.2 

Silicon 

15.0 

Sulfur 

71.0 

Chloride 

2.9 

Potassium 

2.2 

Calcium 

0.9 

Chromium 

10.0 

Manganese 

5.8 

Iron 

52.0 

Nickel 

150.0 

Copper 

9.5 

Arsenic 

4.6 

Selenium 

9.8 

Tellurium 

7.8 

Other  Impurities  not  listed  were  not 

concentrations  less  than  0.5  ppm. 

detected  and  have 
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TABLE  2 


ANALYSES  OF  ALLOYS  PREPARED  BY  INDUCTION  MELTING 


Alloy  Designation 
(Nominal  Composition) 

Chromium 

Silicon 

Cobalt 

Pure  Cobalt 

— 

— 

balance 

Co-O. 1 Cr 

0.064 

— 

balance 

Co-0.5  Cr 

0.50 

— 

balance 

Co-2.5  Cr 

2.44 

— 

balance 

Co- 5.0  Cr 

4.87 

— 

balance 

Co- 10.0  Cr 

9.74 

— 

balance 

Co-15.0  Cr 

14.55 

— 

balance 

Co-0.01  SI 

— 

0.03 

balance 

Co-0.05  SI 

— 

0.06 

balance 

Co-0.1  SI 

— 

0.11 

balance 

Co-0.5  SI 

0.47 

balance 

Co-1.0  SI 

— 

1.00 

balance 

Co-2.5  SI 

— 

2.47 

balance 

Co-5.0  SI 

— 

4.94 

balance 

Co-10.0  SI 

— 

9.98 

balance 

Co-5.0  Cr-1.0  SI 

4.77 

0.98 

balance 

Co-5.0  Cr-2.5  SI 

4.89 

2.46 

balance 

Co-5.0  Cr-5.0  SI 

4.85 

4.92 

balance 

Co-5.0  Cr-10.0  SI 

4.97 

9.95 

balance 

Co- 10.0  Cr-1.0  SI 

9.84 

0.98 

balance 

Co- 10.0  Cr-2.5  SI 

9.80 

2.44 

balance 
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TABLE  2 (Cont.) 


Alloy  Designation 


(Nominal  Composition) 

Chromium 

Silicon 

Cobalt 

Co-10.0 

Cr-5.0  Si 

9.81 

4.97 

balance 

Co-10.0 

Cr-10.0  Si 

10.01 

9.84 

balance 

Co- 15.0 

Cr-1.0  Si 

14.82 

0.99 

balance 

Co-15.0 

Cr-2.5  Si 

14.85 

2.40 

balance 

Co-15.0 

Cr-5.0  Si 

14.85 

4.88 

balance 

Co- 15.0 

Cr-10.0  Si 

14.84 

9.73 

balance 
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The  sample  was  annealed  In  hydrogen  for  thirty  minutes  to  remove 
stresses  and  to  reduce  any  oxide  films  that  had  remained  on  the 
surface.  The  weight  losses  were  negligible  during  this  time.  The 
hydrogen  gas  flow  was  then  stopped  and  helium  was  Introduced  at  a 

3 

flow  rate  of  180  cm  /min.  for  25  minutes  to  flush  the  chamber. 

After  the  25-minute  period,  purified  oxygen  at  a flow  rate  of  20 

3 

cm  /min,  was  mixed  with  the  helium  to  initiate  the  oxidation  pro- 
cess. The  partial  pressure  of  oxygen  was  maintained  at  0.1  atm. 

On  termination  of  the  run,  the  oxygen  flow  was  stopped  and  the  fur- 
nace lowered.  The  sample  was  cooled  to  ambient  temperature  In  a 
helium  atmosphere.  Run  duration  was  approximately  2800  minutes, 
with  some  runs  being  extended  to  10,000  minutes. 

2.  Hot  Corrosion 

A hot  corrosion  run  was  Initiated  by  first  positioning 
an  alumina  crucible  containing  approximately  two  grams  of  Na2S0^ 
on  top  of  the  lower  thermocouple  well  Inside  the  reaction  chamber. 

The  sample  was  then  suspended  In  the  chamber  with  a platinum  chain. 

The  platinum  chain  was  necessary,  since  quartz  and  Na2S0^  will  react 
at  1000°C  and  form  a molten  phase.  Helium  gas  was  then  Introduced 
as  previously  described  for  the  oxidation  runs.  However,  hydrogen  gas 
was  not  Introduced  Into  the  reaction  chamber  as  was  the  case  for  the 
oxidation  experiments.  After  an  Initial  30-mlnute  helium  purge,  the 
furnace  was  raised  and  the  sample  In  the  upper  hot  zone  was  brought  to 
1000® C,  and  the  alumina  crucible  containing  the  Na2S0^  in  the  lower  hot 
zone  was  brought  to  1050°C.  The  purified  helium  continued  to  pass  through 
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the  reaction  chamber  at  a flow  rate  of  180  cm  /min.  for  25  minutes. 

At  the  end  of  this  period,  a mixture  of  dry  oxygen  plus  0.15  vol.%  SO^ 

3 

was  Introduced  at  a flow  rate  of  20  cm  /min.  with  the  helium  to  Ini- 
tiate the  hot  corrosion  process. 

The  Na2S0^  was  Introduced  Into  the  gas  stream  as  a vapor  by 

passing  the  gases  (Pq  =0.1  atm)  over  the  heated  sodium  sulfate  (1050°C). 

2 

The  gas  stream  was  then  directed  over  the  sample  surface  which  was 
at  a lower  temperature  (1000°C)  than  the  salt.  Condensation  of  the 
Na2S0^  on  the  sample  surface  was  therefore  expected.  The  temperature 
of  the  salt,  1050*’C,  which  was  maintained  throughout  the  hot  corrosion 
experiments,  controlled  the  vapor  pressure  of  the  sulfate  In  the  gas 
stream,  and  hence  Its  concentration  In  the  gas  stream.  According  to 
the  calculations  of  DeCrescente  and  Bornsteln  (37),  the  vapor  pressure 
of  Na2S0^  at  1050°C  corresponded  to  a partial  pressure  of  0.1  torr. 

The  run  was  terminated  by  stopping  the  oxygen  gas  flow  and  lowering 
the  furnace.  The  sample  was  cooled  to  ambient  temperature  In  a 
helium  atmosphere.  Run  duration  was  2800  minutes  for  all  hot  cor- 
rosion experiments. 

E.  Examination  of  the  Oxides  Formed  After  Oxidation  and 
Hot  Corrosion 

The  mechanism  of  oxidation  and  hot  corrosion  cannot  be  adequately 
defined  by  using  only  reaction  rates  obtained  by  thermogravlmetrlc 
analyses.  It  Is  also  necessary  to  examine  the  scale  morphology 
to  determine  the  nature  of  the  oxide  and  the  distribution  of  ele- 
ments present  in  the  scale.  This  was  accomplished  by  x-ray  diffrac- 
tion, electron  microprobe  analysis,  and  metallographlc  examination. 
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1,  X-ray  Diffraction 

Prior  to  polishing  the  oxidized  specimens  for  microprobe 
and  microscopic  examination,  some  of  the  oxide  was  removed,  ground 
and  then  placed  In  a glass  capillary  tube  for  x-ray  analysis  using 
a Debye-Scherrer  powder  diffraction  camera.  The  capillary  tube  was 
mounted  In  the  camera,  film  loaded,  and  a collimated  beam  of  FeK 
radiation  was  directed  at  the  sample  through  a manganese  oxide 
filter.  The  sample  was  exposed  for  various  times  ranging  from  10 
to  14  hours  with  the  angle  of  Incidence  varying  as  the  sample  was 
rotated  through  360  degrees.  This  reduced  any  effects  which  might 
be  produced  by  preferred  orientation.  The  20  angle  of  diffraction 
line  was  measured  and  the  interplanar  spacing  (d) , corresponding 
to  each  line,  was  determined  using  tabulated  values  of  d versus  20 
for  radiation.  By  using  the  x-ray  powder  diffraction  file  and 

the  values  of  d,  qualitative  Identification  of  the  oxide  compounds 
contained  In  the  scale  was  made. 

A technique  for  obtaining  a diffraction  pattern  from  a thin 
film  oxide  layer  (less  than  20  microns)  using  the  Debye-Scherrer 
camera  was  also  developed.  The  oxidized  or  hot  corroded  specimen 
was  mounted  In  the  camera,  the  film  was  loaded, and  the  specimen 
exposed  to  radiation  for  a period  of  3 to  4 hours.  The  angle 

of  Incidence  varied  from  6 to  12  degrees  depending  on  the  oxide 
film  thickness.  Qualitative  Identification  of  the  oxide  compounds 
was  made  by  comparing  the  thin  film  diffraction  pattern  with  a pat- 
tern obtained  by  the  powder  diffraction  method,  where  the  d values 
corresponding  to  each  line  were  previously  determined. 
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2.  Microprobe  Analysis  and  Metallographlc  Examination 

Prior  to  mlcroprobe  analysis  and  metallographlc  examination, 
the  samples  were  mounted  In  epoxy  utilizing  a coal  petrographic  tech- 
nique In  order  to  prevent  the  oxide  layer  from  spalling  during  subse- 
quent cross-sectioning  and  polishing.  After  placing  the  specimens 
In  epoxy,  the  sample  container  was  placed  under  vacuum,  followed  by 
centrifuging.  This  technique  forces  the  epoxy  Into  the  pores  and 
cracks  of  the  oxide  layer.  The  mounted  coupon  was  then  cross-sectioned  and 
polished  (final  polish  with  magnesium  oxide  <0.5y).  An  ETEC  autoprobe 
with  a spot  size  of  1 to  2y,  which  produced  a radiated  sample  area  3 
to  10  times  the  Impinging  beam  size,  was  used  for  the  mlcroprobe 
analysis.  Before  a quantitative  distribution  of  the  oxide  compounds 
In  the  scale  could  be  obtained,  an  elemental  qualitative  analysis  had 
to  be  performed.  The  qualitative  distribution  of  cobalt,  chromium 
and  silicon  in  the  oxide  layer  was  accomplished  through  the  use  of 
energy  dispersive  analysis  (EDA) , elemental  x-ray  mapping, and  line 
profiles.  The  quantitative  distribution  of  the  oxide  compounds  pre- 
sent in  the  scale  such  as  CoO,  Cr20^,  SIO^,  and  the  spinels  CoCr20^ 
and  Co2S10^,  previously  Identified  by  x-ray  analysis,  was  accom- 
plished through  the  use  of  well-characterized  standards.  A printout 
of  the  analysis  In  weight  % was  obtained  using  a slave  computer. 

In  addition  to  mlcroprobe  analysis,  the  scale  morphology  was 
studied  with  the  aid  of  a Vickers  metallograph.  Photomicrographs 
were  taken  of  representative  oxide  samples  at  various  magnifications 


up  to  700  X. 


V.  RESULTS  AND  DISCUSSION 


A.  Pure  Cobalt 
1.  Oxidation 

The  rate  of  oxidation  of  cobalt  metal  to  cobaltous  oxide 
(CoO)  was  determined  In  oxygen  at  a pressure  of  0.1  atmosphere  and 
temperature  of  1000°C.  The  observed  value  of  the  parabolic  rate  con- 
stant (Kp)  for  pure  cobalt  of  138x10  gm^*  cm  ^ • sec  given  In 

Table  3,  was  determined  by  taking  the  slope  of  the  straight  line 

2 

which  resulted  from  plotting  values  of  (Am/A)  as  a function  of  time. 
The  experimental  results  were  compared  to  those  obtained  by  Bridges 
et  al.  (8)  and  Carter  and  Richardson  (7).  Bridges  et  al.  (8),  during 
an  Investigation  of  the  oxidation  behavior  of  cobait  from  800°  to 
1200°C  over  the  oxygen  pressure  range  0.013  to  27.2  atm.,  determined 
a of  104x10  gm^  • cm  sec  ^ for  pure  cobalt  at  1000°C  and  a 
PO2  of  0.125  atm.  They  also  observed  that  the  oxidation  rate  In- 
creased as  the  oxygen  partial  pressure  Increased,  thus  confirming 
that  CoO  Is  a p-type  semiconductor,  since  Increasing  the  P02  Increa- 
ses the  point  defect  concentration  along  with  the  oxidation  rate. 

The  slight  difference  In  the  oxidation  rates  of  pure  cobalt 
found  In  this  Investigation  as  compared  to  others  can  be  attributed 
to  the  Impurities  present  In  the  pure  cobalt.  Bridges  et  al.  (8) 
used  hlgh-purlty  electrolytic  cobalt  with  an  average  Impurity  con- 
tent <5  ppm  as  compared  to  the  cobalt  metal  used  In  this  study  where 
Impurities  as  high  as  150  ppm  were  found  as  shown  In  Table  1.  Since 
CoO  Is  a p-type  semiconductor,  an  Increased  oxidation  rate  results 
as  concentrations  of  higher  valent  cations  Increase  In  the  compound. 
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Oxidation  of  pure  cobalt  results  In  a double-layered  scale. 

The  outer  layer  consists  of  a columnar  structure  with  some  poro- 
sity and  cracks, while  the  inner  layer  contains  irregularly-shaped 
pores.  A slight  separation  can  be  seen  between  the  two  layers. 

Examination  of  the  scale  by  x-ray  diffraction  and  microprobe  anal- 
ysis showed  a homogenous  composition  of  99  to  100  wt.%  CoO  for 
both  layers. 

The  porosity  of  the  inner  layer  may  be  due  to  vacancy  conden- 
sation at  the  metal/oxlde  interface.  As  the  cobalt  ions  diffuse 
outward  through  a vacancy  mechanism,  an  equal  number  of  cobalt 
vacancies  move  in  the  reverse  direction.  At  the  metal/oxlde  inter- 
face, the  vacancies  must  be  removed;  this  can  occur  either  through 
plastic  deformation  or  through  formation  of  pores. 

The  experlmental^results  have  shown  that  cobalt  metal  oxides 
according  to  the  parabolic  rate  law  and  that  the  reaction  proceeds 
by  cation  diffusion  across  the  oxide  film  to  the  oxlde/gas  inter- 
face. 

2.  Hot  Corrosion 

The  hot  corrosion  behavior  of  pure  cobalt  was  examined  by 

exposing  the  sample  surface  to  a continuous  supply  of  Na2S0^.  In 

this  test,  the  salt  is  introduced  into  the  gas  stream  (Pq  - 0.1  atm 

2 

PgQ  0.00153  atm)  as  a vapour  by  passing  the  gases  over  heated 
Na2S0^  before  they  reach  the  sample  surface.  The  temperature  of  the 
salt  (1050°C)  is  higher  than  that  of  the  specimen  (1000°C)  so  that  contin- 
ued condensation  of  the  sodium  sulfate  is  expected.  This  technique  over- 
comes one  of  the  major  disadvantages  of  the  salt  coating  test  utilized 
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In  a previous  study  on  the  hot  corrosion  of  nickel-based  alloys 

(43)  In  which  there  was  a limited  amount  of  salt  available. 

Figure  4 shows  the  effect  of  Na2S0^  condensation  on  the 

oxidation  of  pure  cobalt  at  1000°C  and  Pq  - 0.1  atm.  with 

2 

PgQ  “ 0.00153  atm.  The  condensation  of  Na2S0^  on  the  sample 
surface  did  not  produce  a significant  Increase  in  the  oxidation 
rate.  The  total  weight  gain  after  1800  minutes  for  the  hot-cor- 
roded  sample  was  38.78  mg/cm  compared  to  38.12  mg/cm  for  the 
oxidized  sample.  The  corresponding  parabolic  rate  constants  are 
150x10  gm^  • cm  ^ • sec  ^ for  the  hot  corrosion  sample  and  138x 
10  gm^  • cm  ^ • sec  ^ for  the  oxidized  sample  as  given  in  Table  3. 

The  scale  formed  on  the  hot  corrosion  specimen  is  double- 
layered as  was  the  case  for  the  oxidized  specimen.  The  Inner  layer 
Is  a fine-grained  structure  containing  small  Irregular-shaped  pores, 
while  the  outer  layer  Is  compact  with  some  large  longitudinal-shaped 
pores.  The  metal/oxlde  interface  shows  some  Irregularity  with  the 
oxide  grains  becoming  elongated  or  columnar  near  the  metal  surface. 

No  evidence  of  sulfide  formation  was  found  from  metallographlc  exam- 
ination. 

Examination  of  the  scale  by  x-ray  diffraction  and  microprobe 
analysis  Indicated  a uniform  distribution  of  98  to  99  wt.  Z CoO 
for  both  layers.  The  probe  did  not  find  any  traces  of  sodium  or 
sulfur  within  the  scale. 

The  experimental  results  Indicate  pure  cobalt  does  not  undergo 
accelerated  oxidation  at  1000°C  (P-.  *0.1  atm.+P  -0.00153  atm.)  when 

^2  bOj 

exposed  to  a continuous  supply  of  Na2S0^  at  the  sample  surface^  as  It  was 


Figure  4.  Weight  Gain  (Am/A)  as  a Function  of  Time  for  the 

Oxidation  and  Hot  Corrosion  of  Pure  Cobalt  at  1000°C 
and  P02  * 0.1  atm. 
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for  pure  nickel  coated  with  Na^SO^  (A3) . These  results  are  In 
agreement  with  those  obtained  by  Johnson  et  al.,  who  studied  the 
oxidation  of  pure  cobalt  and  cobalt-based  alloys  utilizing  both  the 
salt-coating  test  (68)  and  a continuous  supply  of  Na2S0^  to  the 
sample  surface  (69).  Johnson  et  al.  (68,69)  postulated  that  basic 
fluxing  of  CoO  by  Na2S0^  does  not  take  place  because  the  basicity 

2_ 

of  yhr  Na2S0^  is  not  Increased  enough  to  flux  the  CoO  and  form  C0O2 
Ions.  The  basic  fluxing  model  for  pure  cobalt  described  earlier  was 
postulated  by  Goebel  et  al.  (36).  No  explanation  can  be  given  for 
the  absence  of  an  Inner  layer  of  Co^S^  which  was  reported  by  both 
Johnson  et  al.  (68,69)  and  Goebel  (36).  A more  detailed  microprobe 
examination  of  the  metal/oxlde  interface  is  required. 

B.  Cobalt-Chromium  Binary  Alloys 
1.  Oxidation 

The  scaling  behavior  of  a series  of  Co-Cr  alloys,  vary- 
ing In  composition  from  0.10  to  15  weight  percent  chromium  was  studied 
at  1000°C  and  of  0.1  atm.  The  results  of  the  thermogravlmetrlc 
studies  are  presented  In  Figures  5 and  6,  and  Table  3.  Figure  5 
shows  the  weight  gain  (Am/A)  as  a function  of  time  for  some  of  the 
alloys  oxidized,  and  the  parabolic  rate  constants  listed  In  Table  3 
are  shown  In  Figure  6 as  a function  of  weight  percent  chromium. 

In  all  cases,  the  oxidation  Is  well-described  by  the  parabolic 
rate  law.  An  Interesting  anomaly,  however,  was  observed  for  chromium 
additions  of  up  to  2.5  wt.Z;  l.e.,  for  Nl-Cr  alloys, the  oxidation  rate 
did  not  Increase  significantly  (A3).  The  parabolic  rate  constants 
observed  for  Co-0.1  Cr  and 


Figure  5.  Weight  Gain  (Am/A)  as  a Function  of  Time  for  the  Oxidation 
of  Co-0.5  Cr  and  Co-15  Cr  Alloys  as  Compared  to  Pure  Cobalt. 
All  at  1000°C  and  Pq^  “0.1  atm. 
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Figure  6.  Parabolic  Rate  Constants  (Kp)  of  Cobalt-Chromium  Alloys 
as  a Function  of  Weight  Percent  Chromium  in  an  Oxidizing 
Environment  at  1000“C  and  PO2  “ 0*1  atm. 
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TABLE  3 


PARABOLIC  OXIDATION  RATES  AND  WEIGHT  CHANGE  INFORMATION 
FOR  PURE  COBALT  AND  COBALT-CHROMIUM  ALLOYS 


Oxidation 

Hot 

Corrosion 

Wt.  %-Cr 

K 

Total  Am/ A 

K 

Total  AM/A 

(Nominal) 

P 

(1800  Min) 

P 

(1800  Min) 

0.00 

138 

38.12 

150 

38.8 

0.10 

140 

38.3 

— 

— 

0.50 

170 

41.5 

— 

— 

2.5 

260 

51.14 

— 

— 

5.0 

230 

48.56 

— 

— 

10.0 

210 

46.50 

— 

— 

15.0 

40 

23.50 

48 

23.90 

2 

K units  (gm 
P 


. -4  . -1  ,-10. 

• cm  sec  X 10  ) 

-2. 

• cm  ) 


AM/ A units  (mg 
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Co-0.5  Cr  alloys  were  140  and  170x10  gm^  • cm  ^ • sec  respectively, 
as  compared  to  138x10  gm^  • cm  ^ • sec  ^ for  pure  cobalt.  These 
results  are  in  contrast  to  those  reported  by  various  other  investiga- 
tors (18,19,20),  where  an  Increase  in  the  oxidation  rate  for  up  to 
10  wt.  % chromium  additions  was  reported.  However,  it  should  be  noted 
that  in  virtually  all  of  the  previous  investigations,  no  attempt  was 
made  to  study  the  oxidation  behavior  of  cobalt-chromium  alloys  with 
less  than  8%  chromium  additions. 

It  is  apparent  from  the  above  results  that  the  semiconductor 
valence  approach  cannot  be  used  to  explain  the  oxidation  of  Co-Cr 
alloys  with  less  than  a few  percent  chromium. 

Metallographlc  examination  of  the  scale  formed  on  the  Co-0.1  Cr 
specimen  did  not  reveal  a double- layered  structure.  There  was  some 
porosity  at  the  metal/oxlde  interface  which  also  displayed  a surface 
roughening  effect.  The  composition  of  the  oxide  was  CoO  as  determined 
by  x-ray  diffraction.  Oxidation  of  the  Co-0.5  Cr  specimen  resulted  in 
a double  layer  with  identical  structures  separated  by  a very  small 
band  of  porosity.  It  was  difficult  to  determine  if  the  structure 
observed  was  in  fact  double-layered.  The  scale  was  composed  entirely 
of  CoO.  Examination  of  the  scale  formed  on  the  Co-2.5  Cr  specimen  did 
show  a double-layered  structure  which  is  typical  of  Co-Cr  alloys  up  to 
25  wt.  % Cr  (24,20).  The  outer  layer  is  compact  with  little  porosity 
while  the  inner  layer  contained  many  large  irregular-shaped  pores. 
Surface  roughening  was  also  observed  at  the  metal/oxlde  interface  as 
well  as  a thin  zone  of  Internal  oxidation.  Both  layers  were  composed 


of  CoO. 
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It  appears  that  the  microstructures  of  the  scales  formed  on 
these  alloys  were  responsible  for  their  anomalous  oxidation  behavior 
at  high  temperatures  (78).  It  was  also  noted  that  Increasing  the 
chromium  content  enhanced  scale  adherence  and  reduced  the  tendency 
of  the  scale  to  crack  when  compared  to  the  pure  cobalt  sample.  This 
could  enhance  the  cyclic  behavior  of  the  oxide  layer. 

The  scales  formed  on  Co-5  Cr  and  Co-10  Cr  were  similar  In  structure 
to  that  of  Co-2.5  Cr  with  the  exception  of  an  Increasing  amount  of  por- 
osity In  both  layers.  However,  the  composition  of  the  scale  differed 
due  to  the  formation  of  the  spinel  CoCr20^,  which  was  detected  by  x-ray 

diffraction.  The  formation  of  CoCr_0,  Is  a result  of  the  reaction  be- 

2 4 

tween  CoO  and  Cr202  and  Is  reported  to  be  10  times  faster  than  the 
growth  rate  of  NlCr20^  (24).  Unfortunately,  no  microprobe  analyses 
were  performed  on  these  alloys,  but  It  Is  assumed  that  the  CoCr20^  Is 
contained  within  the  Inner  layer  and  that  the  outer  layer  contains  CoO. 

The  decrease  In  oxidation  rate  for  the  Co-15  Cr  specimen  Is 
attributable  to  a direct  "blocking"  effect  by  either  Cr202  or  an  In- 
creased amount  of  spinel  (see  discussion  below) . The  microstructure  of 
Co-15  Cr  shown  In  Figure  7 Is  typical  of  a double  layer.  The  Inner 
layer  contains  Irregularly-shaped  pores,  while  the  outer  layer  contains 
large  triangular-shaped  pores.  It  has  been  discussed  (20)  that  an  ex- 
panding Inner  layer  places  the  outer  layer  under  tension.  This  tension 
Is  relieved  partially  by  the  growth  of  the  outer  layer  and  partially  by 
plastic  deformation  and  creep.  It  was  proposed  that  the  pyramld-llke 
pores  In  the  outer  layer  result  from  mechanical  shear  and  deformation. 
Microprobe  analysis  was  performed  on  this  alloy  and  a typical  profile  Is 


Figure  7.  Micrographs  of  the  Scales  Formed  on  Co- 15  Cr  After 
Oxidation  and  Hot  Corrosion  at  1000®C  and  Pq,  - 0.1 
atm.  ^ 
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shovm  in  Figure  8.  This  confirms  that  the  inner  layer  has  a high 
chromium  content  in  the  form  of  CoCr20^,  and  that  a sharp 
gradient  exists  at  the  interface  of  the  two  layers  with  the  outer 
layer  consisting  of  greater  than  99  wt.  % CoO. 

The  high- temperature  oxidation  of  Co- 10  Cr  and  Co-25  Cr  was 
studied  by  Kofstad  and  Hed  (20,  21)  in  the  temperature  range  800° 
to  1300°C  at  oxygen  pressures  from  0.2  to  760  torr.  Since  they 
observed  an  Increase  in  oxidation  rate  for  Co-10  Cr  and  a decrease 
for  Co-2.5  Cr  as  compared  to  pure  cobalt,  their  conclusions  concerning 
the  oxidation  of  Co-10  Cr  are  of  interest  to  this  study  and  will  be 
discussed. 

When  considering  the  solid  state  diffusion  processes  in  complex 
scales,  such  as  was  found  on  the  Co-15  Cr  specimen,  the  relative  rates 
of  diffusion  of  cobalt,  chromium,  and  oxygen  in  CoO,  Cr^O^,  and  CoCr^O^ 
are  of  primary  importance.  Carter  and  Richardson  (5,6)  and  others  (20) 
have  shown  that  cobalt  diffusion  in  CoO  is  three  orders  of  magnitude 
faster  than  diffusion  of  Co  or  Cr  in  CoCr^O,  and  two  orders  faster  than 
that  of  Cr  in  Ct202>  Oxygen  diffusion  in  CoO,  Cr20j,  and  probably  CoCr20^ 
is  slower  than  that  of  the  cobalt  or  chromium  ions.  The  diffusion  of 
Co  in  the  CoO  phase  is  therefore  the  predominant  process  in  the  oxidation, 
and  the  presence  of  dispersed  CoCr20^  or  Cr202  particles  in  the  inner 
layer  serves  to  effectively  reduce  the  solid  state  diffusion  area. 

During  the  initial  oxidation  period,  CoO  and  Cr20^  form  simultan- 
eously. A continuous  oxide  film  is  built  by  diffusion  of  Co  ions  out- 
ward through  the  CoO  phase.  Internal  oxidation  of  chromium  to  Cr2^^ 
probably  occurs  through  solid  state  diffusion  of  oxygen  at  the  same 
time.  After  the  outer  layer  of  CoO  is  formed,  oxygen  for  the  internal 


Figure  8.  Microprobe  Profile  of  the  Scale  Formed  on  Co-15  Cr  After 
Oxidation  and  Hot  Corrosion  at  1000°C  and  P02  =0.1  atm. 
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oxidation  process  can  only  be  obtained  by  decomposition  of  CoO.  The 
cobalt  Ions  formed  from  the  decomposition  of  CoO  diffuse  outward  and 
a cavity  is  formed  replacing  CoO  molecules.  The  particles  of  Cr202 
can  also  serve  as  vacancy  condensation  sites  and  porosity  can  accum- 
ulate at  the  surface  of  the  Cr202  particle. 

The  porosity  correspondingly  reduces  the  available  area  for 
solid  state  diffusion  but  the  transport  of  gaseous  oxygen  Is  enhanced 
across  the  pores.  The  Cr202  particles  eventually  become  surrounded 
by  pores  and  partially  by  CoO.  The  Cr202  and  CoO  gradually  react  to 
form  CoCr20^,  which  could  explain  the  absence  of  a continuous  film  of 
Cr202  anywhere  within  the  scale. 

The  oxidation  results  for  the  Co-Cr  alloys  show  that  the  overall 
reaction  Is  parabolic  In  nature  and  that  the  porosity  formed  In  the 
scales  aids  In  the  transport  of  oxygen  across  the  cavities.  Further- 
more, the  formation  of  the  spinel,  CoCr20^,  blocks  the  solid  state 
diffusion  of  cobalt  Ions  by  reducing  the  solid  state  diffusion  area. 

2.  Hot  Corrosion 

Based  on  the  results  obtained  for  the  oxidation  of  Co-15  Cr, 
It  was  decided  to  study  this  alloy  under  hot  corrosion  conditions.  The 
parabolic  rate  constant  observed  under  hot  corrosion  conditions  was  48x 
10  gm^  • cm  ^ • sec  ^ as  compared  to  40  gm^  ■ cm  ^ • sec  ^ for  the 
oxidized  specimen  as  shown  In  Table  3.  The  kinetic  data  Indicate  no 
marked  differences  between  the  oxidation  and  hot  corrosion  of  Co-13  Cr. 

Metallographlc  examination  of  the  scales  formed  after  hot  corro- 
sion revealed  a double-layered  structure  with  an  Inner  porous  layer  and 
an  outer  more  compact  layer.  The  hot  corrosion  specimen  also  exhibited 
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much  less  porosity  In  the  outer  layer  than  the  oxidized  specimen  as 
shown  In  Figure  7.  Microprobe  analysis  showed  a more  uniform  distri- 
bution of  chromium  In  the  Inner  layer  as  compared  to  the  profile  for 
the  oxidized  specimen,  as  shown  In  Figure  8.  The  outer  layer  is  com- 
posed of  99  wt.  % CoO  for  both  oxidation  and  hot  corrosion.  No  trace 
of  sodium  or  sulfur  was  detected  by  the  probe. 

The  hot  corrosion  of  cobalt-chromium  alloys  has  been  studied  by 
various  investigators  (23,67,68,72).  It  was  found  that  the  degree  of 
acceleration  of  the  oxidation  rate  usually  decreased  as  the  chromium 
content  was  Increased.  At  chromium  contents  greater  than  20%,  a 
protective  layer  of  Cr202  usually  formed  which  was  unaffected  by 
the  salt  (68,72).  Since  the  oxidation  rate  of  Co-15  Cr  did  not  Increase 
under  conditions  of  a continuous  supply  of  Na2S0^  to  the  sample  surface, 
it  can  be  concluded  that  the  formation  of  the  spinel  CoCr20^  and 
possibly  Cr202  as  dispersed  particles,  which  are  not  fluxed  by  the 
Na2SO^,  block  the  outward  diffusion  of  cobalt  Ions.  This  also  re- 
duces the  amount  of  porosity  within  the  scale. 

C.  Cobalt-Silicon  Binary  Alloys 

1.  Oxidation 

The  oxidation  rates  for  a series  of  cobalt-silicon  alloys 
varying  in  composition  from  0.01  to  10  wt.  % silicon  were  determined 
at  an  oxygen  pressure  of  0.1  atm.  and  1000‘’C.  The  oxidation  kinetics 
for  some  of  these  alloys  are  shown  In  Figure  9.  The  corresponding 
parabolic  rate  constants  listed  in  Table  4 were  then  plotted  as  a 
function  of  weight  percent  silicon  in  the  alloy  as  shown  in  Fig- 


ure 10. 


Figure  9.  Weight  Gain  (Am/A)  as  a Function  of  Time  for  the  Oxidation 
and  Hot  Corrosion  of  Selected  Cobalt-Silicon  Alloys  at 
1000°C  and  Pq  “0.1  atm. 
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Figure  10.  Parabolic  Rate  Constants  (Kp)  of  Cobalt-Silicon  Alloys 
a Function  of  Weight  Percent  Silicon  In  an  Oxidizing 
Environment  at  1000°C  and  Pq  ■ 0.1  atm. 
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The  increase  in  oxidation  rates  for  Co-0.01  Si  (K  » 301x10 

P 

gm^  " cm“^  • sec  and  CoO-0.05  Si  (K^  833x10  gm^  * cm  ^ • sec 

alloys  as  compared  to  the  oxidation  rate  for  pure  cobalt  (K^  * 

138x10  gm^  • cm  ^ • sec  can  be  Interpreted  in  terms  of  the 

Wagner  point  defect  theory.  This  theory  states  that  small  additions 

4+ 

of  higher  valent  cations  such  as  Si  ions  to  a p-type  semiconductor 
such  as  CoO  will  cause  an  increase  in  the  number  of  cobalt  ion  vacan- 
cies and  hence  an  Increase  in  the  oxidation  rate.  Metallographlc  exam- 
ination of  the  scale  formed  on  the  Co-0.05  Si  alloy  showed  a double- 
layered structure  with  a very  porous  outer  layer  and  a more  compact 
inner  layer.  The  large  amount  of  porosity  observed  may  be  responsible 
in  part  for  the  Increased  oxidation  rate,  since  the  cavities  partially 
short-circuit  the  diffusion  of  oxygen  through  the  scale.  The  total 
scale  thickness  was  800  microns.  Analysis  by  microprobe  techniques 
showed  the  average  composition  of  each  layer  to  be  99  wt.  % CoO. 

Initial  examination  of  the  scale  by  x-ray  diffraction  did  reveal 
the  presence  of  some  Co^O^,  which  probably  may  form  when  CoO  is 
cooled.  The  excess  oxygen  in  the  CoO  may  precipitate  in  the  form 
of  Co^O^  (20,8). 

Alloys  with  greater  than  2.5  wt.  % silicon  additions  exhibited 

a decrease  in  the  oxidation  rate  as  shown  in  Figure  10.  The  x-ray 

diffraction  studies  of  the  scales  formed  on  these  alloys  show  the 

composition  to  be  predominantly  CoO.  The  scale  formed  on  Co-2.5  Si 

(Kp  “ 233x10  gm^  • cm  ^ * sec  did  contain  a small  percentage 

of  the  spinel  Co2Si0^.  The  presence  of  Co2S10^  could  account  for  the 

4+ 

reduction  in  the  doping  effect  of  Si  along  with  a corresponding 
decrease  in  the  oxidation  rate  for  these  alloys,  since  the  diffusion 
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of  Co  through  Co2S10^  would  be  slower  than  through  CoO.  The  dispersed 
particles  of  Co2S10^  serve  to  effectively  reduce  the  solid-state  diffu- 
sion area  In  the  Inner  oxide  layer.  Another  possibility  is  the  formation 
of  a thin  (<10  microns)  layer  of  Si02  adjacent  to  the  metal/oxide  inter- 
face. Microprobe  analysis  of  the  metal/oxlde  interface  Is  quite  dif- 
ficult, since  the  Irradiated  surface  area  (10  to  20  microns)  is  greater 
than  the  width  of  the  thin  film  of  Si02;  consequently,  interference  from 
the  metal  substrate  usually  occurs  when  probing  in  this  region. 

The  results  obtained  for  the  oxidation  of  Co-5  Si  and  Co-10  Si  show 
a sharp  decrease  in  the  oxidation  rate  as  compared  to  pure  cobalt.  The 
parabolic  rate  constants  for  Co-5  Si  and  Co-10  Si  alloys  are  6 and  0.7x 
10  gm^  • cm  ^ • sec  \ respectively,  as  listed  in  Table  4.  The  micro- 
structure of  the  Co-5  Si  alloy  shown  in  Figure  11  consists  of  a double- 
layered scale  approximately  20  microns  thick  as  compared  to  an  average 
scale  thickness  of  300  microns  for  pure  cobalt.  The  inner  layer  is 
compact,  while  the  outer  layer  is  extremely  porous  with  a highly  irreg- 
ular outer  surface.  The  presence  of  CoO,  Co2Si0^  and  some  Co^O^  was 
confirmed  by  x-ray  diffraction.  Microprobe  analysis  Indicated  a hom- 
ogenous distribution  of  90  wt.  % CoO  and  10  wt.  % Co2S10^  throughout 
the  scale. 

The  oxidation  of  the  Co-10  Si  specimen  resulted  in  an  Irregular 
thin  film  (10  microns),  containing  small  pores  accompanied  by  Internal 
oxidation  along  the  metal/oxlde  Interface,  as  shown  in  Figure  12.  The 
scale  was  composed  of  CoO,  Co2S10^  and  some  Co^O^  as  identified  by 
x-ray  diffraction. 

The  parabolic  oxidation  rates  obtained  for  the  cobalt-silicon 
binary  alloys  Indicate  the  reaction  is  controlled  by  solid-state 
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TABLE  4 

PARABOLIC  OXIDATION  RATES  AND  WEIGHT  CHANGE  INFORMATION 
FOR  COBALT-SILICON  ALLOYS 


Oxidation 

Hot  Corrosion 

Wt.  %-Cr 

K 

Total  AM/A 

K 

Total  AM/A 

(Nominal) 

P 

(1800  Min) 

P 

(1800  Min) 

0.00 

138 

38.12 

150 

38.8 

0.01 

301 

56.00 

— 

— 

0.05 

833 

90.00 

393 

62.91 

0.10 

129 

37.70 

— 

— 

0.50 

220 

48.00 

— 

— 

1.00 

210 

44.50 

— 

— 

2.50 

233 

48.30 

— 

— 

5.00 

6 

7.47 

— 

— 

10.00 

0.7 

2.40 

0.367 

1.80 

K units 
P 


-4  -I  ,„-10. 
• cm  • sec  X 10  ) 

-2, 

• cm  ) 


AM/A  units  (mg 


Figure  11.  Micrograph  of  the  Scale  Formed  on  Co-5  Si  After  Oxidation 
at  1000°C  and  Pq  =0.1  atm.  for  2800  minutes. 
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Figure  12.  Micrographs  of  Scales  Formed  on  Co-10  SI  After  Oxidation 
and  Hot  Corrosion  at  1000°C  and  Fq  > 0.1  atm.  for  2800 
minutes.  2 
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diffusion  of  the  cobalt  Ions.  However,  since  the  scales  formed 
are  generally  double-layered  containing  more  than  one  oxide  phase, 
the  transport  through  the  scale  becomes  complex.  A transport  mechan- 
ism Is  postulated  based  on  the  assumption  that  the  diffusion  of  Co  In 

CoO  is  faster  than  in  Co-SiO,  and  much  faster  than  in  SiO-.  Since 

2 4 2 

self-diffusion  data  are  not  available  for  Co  In  Co2SiO^,  the  assump- 
tion Is  based  on  the  previously  discussed  cobalt-chromium  system,  where 
it  has  been  shown  that  Co  diffuses  slow  in  Cr.O.  and  CoCr.O,  than  in  CoO. 

The  initial  oxidation,  especially  of  the  alloys  containing  the 
higher  silicon  contents,  probably  involves  the  simultaneous  formation 
of  CoO  and  SIO2.  After  a continuous  film  is  formed,  the  oxidation  be- 
comes controlled  by  the  outward  diffusion  of  the  cobalt  ions  through 
the  CoO  phase.  The  CoO  phase  continues  to  grow  on  top  of  the  alloy 
surface.  The  considerable  porosity  present  may  be  associated  with  the 
decomposition  of  CoO  at  the  metal/oxlde  interface,  which  produces  oxygen 
ions  for  the  internal  oxidation  of  silicon  to  Si02  particles.  The 
correspondingly  formed  cobalt  ion  will  then  diffuse  outward  through 
the  CoO  layer.  The  removal  of  one  CoO  molecule  may  then  result  in 
cavity  formation.  The  cobalt  ions  also  continue  to  diffuse  from  the 
metal/oxlde  interface  but  their  diffusion  path  is  blocked  by  the 
Si02  particles,  which  can  serve  as  sites  for  cobalt  vacancy  conden- 
sation. This  will  also  create  porosity  or  cavities.  The  available 
area  for  the  solid-state  diffusion  of  cobalt  is  continually  reduced 
by  the  formation  of  SIO2  particles  and  cavities.  The  SIO2  particles 
surrounded  by  CoO  eventually  react  to  form  the  Co2S10^  spinel.  In 
all  the  oxides  examined  in  this  study,  no  evidence  of  an  SIO2  phase 


was  found. 
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In  postulating  any  transport  mechanism  for  cobalt  Ions  within 
the  scale,  the  blocking  effect  by  the  spinel  and  the  rapid  short- 
circuiting  transport  of  oxygen  across  the  cavities  must  be  taken 
Into  account. 

2.  Hot  Corrosion 

The  two  alloys  chosen  for  exposure  to  the  hot  corrosion 

environment  previously  described  were  Co-0.05  SI  and  Co-10.0  Si. 

Figure  9 shows  the  effect  of  condensation  of  Na2S0^  on  the  specimen 

surface  at  1000“C.  The  total  weight  gain  after  1800  minutes  was 
2 2 

62.91  mg/cm  for  Co-0.05  SI  and  1.80  mg/cm  for  Co-10  SI,  which  Is  about 

2/3  of  the  total  weight  gain  for  the  oxidized  specimens.  The  corres- 

2 -4  -1 

ponding  parabolic  rate  constants  are  393  and  0.367  gm  * cm  * sec 
for  Co-0.05  SI  and  Co-10.0  Sl» respectively . 

The  scale  formed  on  the  Co-0.05  SI  specimen  after  hot  corrosion 
retained  the  double-layered  structure  but  differed  In  appearance 
from  the  oxidized  specimen.  The  Inner  layer  which  comprised  over 
60%  of  the  total  scale  thickness  of  580  microns  was  compact  and  con- 
tained small  Irregular  pores.  The  outer  layer  was  quite  porous 
with  a separation  of  the  oxide  bands  occurring  near  the  oxlde/gas 
Interface.  Examination  of  the  scale  by  x-ray  diffraction  and 
microprobe  analysis  showed  the  composition  of  both  layers  to  be  99 
wt.  % CoO. 

Metallographlc  examination  of  the  scale  formed  on  Co-10  Si 
after  hot  corrosion  revealed  a microstructure  similar  to  that  of  the 
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oxidized  sample,  as  shown  in  Figure  12,  but  with  less  Internal 
oxidation  on  the  hot  corroded  sample.  The  total  scale  thickness 
was  approximately  10  microns.  Microprobe  analysis  showed  the 
composition  to  be  either  90Z  CoO  + 10%  Co2S10^  or  80%  CoO  + 20% 
€02810^.  The  variable  probe  results  were  due  to  Interference 
from  Che  metal  substrate,  since  the  scale  width  Is  approximately 
the  size  of  the  Irradiated  sample  area.  No  trace  of  sodium  or 
sulfur  was  found  within  Che  scale. 

The  most  probable  explanation  for  the  decrease  In  oxidation 
rates  of  the  hot  corroded  samples  Is  the  formation  of  an  Initial 
thin  film  of  SIO2  at  the  metal/oxlde  Interface,  which  restricts 
the  outward  diffusion  of  cobalt  Ions  and  therefore  reduces  porosity. 
Fluxing  of  an  SIO2  scale  by  Na2S0^  may  occur,  but  since  Si02  Is  an 
Ionic  conducting  scale,  no  Increase  In  rate  Is  anticipated. 

In  summary,  the  experimental  results  obtained  for  Che  oxidation 
and  hot  corrosion  of  cobalt-silicon  binary  alloys  provide  a reasonable 
pattern  of  decreasing  oxidation  rates  with  Increasing  silicon  content. 

D.  Cobalt-5  Chromlum-Slllcon  Ternary  Alloys 

The  basis  of  this  research  program  was  Che  development  of  a pro- 
tective external  layer  of  SIO2  on  the  alloy  surface.  Since  SIO2  Is  an 
Ionic  conducting  compound.  Its  rate  of  growth,  which  Is  controlled  by 
movement  of  electrons,  should  not  be  Increased  significantly  by  the 
formation  of  a liquid  layer  of  Na2S0^  on  the  sample  surface. 

In  order  to  achieve  Che  formation  of  an  outer  layer  of  SIO2,  a 
third  alloy  element  such  as  chromium  must  be  added  to  the  binary 
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cobalt-silicon  system.  The  chromium  acts  as  a regulator  by  reducing 
the  partial  pressure  of  oxygen  at  the  scale-alloy  Interface,  thereby 
promoting  the  formation  of  an  external  SIO2  layer,  rather  than  Its 
precipitation  as  an  Internal  oxide  (76).  This  occurs  because  Cr20^ 
and  SIO2  predominate  over  cobalt  oxide  In  the  transient  scale  and 
Cr20^  provides  oxygen  to  the  alloy  at  a much  slower  rate  (lower,  Pq  ) 
than  the  cobalt  oxide.  This  facilitates  diffusion  of  silicon  up  to 
the  metal  surface,  where  a protective  layer  of  SIO2  Is  formed  Imme- 
diately beneath  the  thin  transient  scale  (76,77). 

There  is, however, very  little  experimental  evidence  available  in 
the  literature  to  support  this  theory.  One  of  the  major  reasons 
for  this  is  that  Si02  grows  so  slowly  that  the  Initial  nuclei  are 
overgrown  rapidly  by  Cr202,  which  continues  to  thicken  until  the 
SIO2  succeeds  In  piling  up  at  the  alloy/oxide  Interface,  and  coalesces 
to  provide  a protective  layer,  which  eventually  slows  the  oxidation 
rate  below  that  of  the  Co-Cr  alloy.  The  Si02  layer  is  often  too  thin 
to  be  detected  by  metallographlc  or  microprobe  techniques. 

Combining  the  ternary  theory  with  the  results  obtained  from  the 
oxidation  and  hot  corrosion  of  the  Co-Cr  and  Co-Sl  binary  systems, 
a series  of  Co-Cr-Si  ternary  alloys  were  designed  for  testing  under 
Identical  environmental  conditions  as  those  experienced  by  the  binary 
alloys.  Discussion  of  the  oxidation  and  hot  corrosion  behavior  of 
the  Co-Cr-Sl  ternary  alloys  will  follow  presentation  of  the  experi- 
mental results. 

1.  Oxidation 

The  oxidation  behavior  of  Co-5  Cr  with  1,  2.5,  5 and  10% 
silicon  additions  Is  shown  In  Figure  13.  The  parabolic  rate  constants 


Figure  13.  Weight  Gain  (Am/A)  as  a Function  of  Time  for  the  Oxidation 
and  Hot  Corrosion  of  Co-5  Cr-Si  Alloys  at  1000®C  and 
Pq  “ 0.1  atm. 
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listed  in  Table  5 are  shovm  in  Figure  14  as  a function  of  increasing 
silicon  content.  The  kinetic  data  show  a sharp  decrease  in  the  oxi- 
dation rate  for  corresponding  increases  in  silicon  content.  The  K 

P 

of  0.097x10  gm^  • cm  ^ • sec  ^ for  Co-5  Cr-10  Si  represents  a de- 
crease of  four  orders  of  magnitude  in  oxidation  rate  as  compared  to 
290x10  gm^  • cm  ^ • sec  ^ for  Co-5  Cr-1  Si.  Metallographlc  exam- 
ination of  the  scales  formed  on  these  alloys  revealed  a double-layered 
structure  for  Co-5  Cr-1  Si  and  Co-5  Cr-2.5  Si  alloys  with  a compact 
outer  layer  containing  some  large  pores  and  an  inner  porous  layer. 
Cracking  was  also  evident  within  the  inner  layer  as  shown  in  Figure 
15.  The  average  scale  thickness  decreased  from  600  microns  for  the 
1%  Si  addition  to  170  microns  for  the  2.5%  Si  addition. 

The  scale  formed  on  Co-5  Cr-5  Si  was  double-layered , but  the  outer 
layer  exhibited  a honeycomb  structure  with  extremely  large  pores.  The 
inner  layer  was  compact  with  virtually  no  porosity  as  can  be  seen  in 
Figure  16.  The  scale  thickness  was  50  microns.  The  oxidation  of  Co-5 
Cr-10  Si  resulted  in  the  formation  of  a thin  film  oxide  layer  which 
was  only  four  microns  thick. 

Microprobe  analysis  and  x-ray  diffraction  of  the  scales  formed 
on  Co-5  Cr  samples  with  1%  and  2.5%  silicon  additions  confirmed  the 
outer  layer  to  be  98%  CoO  for  the  1%  silicon  sample  and  99%  CoO  for 
the  2.5%  Si  sample.  The  inner  layer  was  composed  of  CoO  with  some 
CoCr20^  and  Co2SiO^  present.  A typical  profile  for  Co-5  Cr-2.5  Si 
is  shown  in  Figure  17.  Analysis  of  the  5%  silicon  sample  by  x-ray 
diffraction  showed  the  presence  of  CoO^  CoCr20^  and  Co2S10^.  It  was 
not  possible  to  analyze  the  thin  film  formed  on  the  Co-5  Cr-10  Si 
alloy. 
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TABLE  5 

PARABOLIC  OXIDATION  RATES  AND  WEIGHT  CHANGE  INFORMATION 
FOR  COBALT-CHROMIUM-SILICON  ALLOYS 


Wt.  %-Si 
(Nominal) 

Wt.  %-Cr 
(Nominal) 

Oxidation 

Hot  Corrosion 

K Total  AM/ A 

P (1800  Min) 

K 

P 

Total  AM/A 
(1800  Min) 

0.0 

0.0 

138 

38.12 

150 

38.8 

1.0 

5.0 

290* 

20.73  (60.8*) 

255 

52.7 

2.5 

It 

28 

20.15 

14 

12.7 

5.0 

It 

2 

2.46 

0.708 

2.09 

10.0 

It 

0.097 

0.94 

9.00 

7.72 

1.0 

10.0 

15 

13.8 

19 

20.77 

2.5 

It 

0.213** 

0.17  (2.48**) 

3.0 

5.58 

5.0 

It 

0.04 

0.61 

1.0 

3.05 

10.0 

11 

0.00197** 

0.10  (0.34**) 

0.0167 

0.53 

1.0 

15.0 

0.0016*** 

0.019  (0.16***) 

2.0 

4.7 

2.5 

11 

0.0020*** 

0.145  (0.26**) 

5.0 

4.85 

5.0 

tl 

0.35*** 

1.90  (3.46***) 

2.0 

4.79 

10.0 

It 

0.093*** 

1.12  (1.82***) 

9.0 

7.62 

V < ► 2 -4  -1  ,_-10. 

K units  (gm  • cm  • sec  x 10  ) 

*Run 

duration 

4,000  min. 

P 

**Run 

duration 

10,000  min. 

_2 

AM/A  units  (mg  * cm  ) 

***Run 

durat ion 

6,000  min. 

Figure  14.  Parabolic  Rate  Constants  (Kp)  of  Co-5  Cr-Sl  Alloys 

as  a Function  of  Weight  Percent  Silicon  in  an  Oxidizing 
Environment  at  1000°C  and  P_  =0.1  atm. 


Figure  15.  Micrographs  of  the  Scales  Formed  on  Co-5  Cr-2.5  SI 
After  Oxidation  and  Hot  Corrosion  at  1000*C  and  Pn 
■ 0.1  atm. 
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Figure  16. 


Micrograph  of  the  Scale  Formed  on  Co-5  Cr-5  SI  After 
Oxidation  at  1000'’C  and  Pq  - 0.1  atm. 
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Figure  17.  Microprobe  Profile  of  the  Scale  Formed  on  Co-5  Cr-2.5 
Si  After  Hot  Corrosion  and  Oxidation  at  1000“C  and  Pq 
* 0.1  atm.  2 


105 


2.  Hot  Corrosion 

The  kinetic  data  presented  In  Table  5 show  that  the  hot 
corrosion  rate  decreased  as  the  silicon  content  Is  Increased  up  to 
10  wt.  %.  The  Increase  in  the  hot  corrosion  rate  for  Co-5  Cr-10  Si 
as  compared  to  the  oxidized  sample  is  shown  in  Figure  13.  The  micro- 
structure  of  the  oxides  formed  after  hot  corrosion  of  Co-5  Cr  with  1 
and  2.5%  silicon  additions  are  shown  in  Figures  18  and  15. respective- 
ly. They  reveal  a double-layered  structure  similar  in  nature  to 
the  oxidized  samples.  No  attempt  was  made  to  examine  the  oxides 
formed  on  the  alloys  with  5 and  10  wt.  % silicon  additions. 

Microprobe  analysis  of  the  scales  formed  on  Co-5  Cr-1  Si  and 
Co-5  Cr-2.5  Si  show  the  outer  layer  to  be  98  wt.  % CoO  and  an  inner 
layer  of  CoO  with  some  CoCr20^  and  Co2Si0^.  The  spinel  concentra- 
tion decreases  in  the  inner  oxide  layer  as  it  moves  toward  the  double- 
layer interface  as  can  be  seen  in  Figure  17.  Attempts  to  probe  the 
scales  formed  on  Co-5  Cr  with  5 and  10%  silicon  additions  were  un- 
successful due  to  the  thin  oxide  layers  formed  on  these  alloys. 

E.  Cobalt-10  Chromium-Silicon  Ternary  Alloys 

1.  Oxidation 

The  kinetic  curves  in  Figure  19  show  a sharp  drop  in  weight 
gain  at  any  given  time  as  the  silicon  content  is  increased  to  10  wt.  %. 
The  parabolic  rate  constant  of  0.00197x10  gm^  • cm  ^ • sec  ^ for 
Co-10  Cr-10  Si  indicates  a decrease  of  four  orders  of  magnitude  in 
the  oxidation  rate  as  compared  to  15x10  gm^  • cm  ^ • sec  ^ for  the 
Co-10  Cr-1  Si  specimen.  In  all  cases,  the  oxidation  rate  was  much 


Figure  18.  Micrograph  of  the  Scale  Formed  on  Co-5  Cr-1  Si  After 
Hot  Corrosion  at  1000“C  and  Pq  -0.1  atm. 


Co-5  Cr-1  Si 
(HOT  CORROSION) 

110  X 


Figure  19.  Weight  Gain  (Am/A)  as  a Function  of  Time  for  the  Oxidation 
and  Hot  Corrosion  of  Co-10  Cr-Sl  Alloys  at  1000°C  and  Pq 
“0.1  atm.  2 
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lower  than  that  of  pure  cobalt  (K^  = 138x10  gm^  • cm  ^ • sec~^). 

The  parabolic  rate  constants  listed  In  Table  5 and  sho\m  In  Figure  20 
for  Co-10  Cr-2.5  and  10  wt.  % silicon  additions  were  calculated  from 
(Am/ A)^ values  taken  over  long  time  periods  (run  duration  10,000 
minutes).  The  Co-10  Cr-10  SI  specimen  exhibited  one  of  the  best 
oxidation  rates  observed  for  the  binary  and  ternary  systems.  No 
evidence  of  spalling  was  observed  for  the  Co-10  Cr-Sl  group  as  can 
be  seen  from  Figure  19. 

Metallographlc  examination  of  the  scale  formed  on  the  Co-10  Cr-1 
SI  sample  after  oxidation  revealed  a double- layered  structure  with  an 
outer  porous  layer  and  a more  compact  Inner  layer.  There  was  exten- 
sive cracking  evident  within  both  layers  as  shown  In  Figure  21.  The 
scale  thickness  was  approximately  200  microns.  Surface  roughening 
and  some  Internal  oxidation  were  observed  at  the  metal/oxlde  Interface 
for  the  Co-10  Cr-10  SI  specimen.  The  total  scale  thickness  was  less  than 
4 microns. 

Microprobe  analysis  of  oxide  layer  formed  on  Co-10  Cr-1  SI  shows 
an  outer  layer  of  99%  CoO  and  an  Inner  layer  of  CoO  with  dispersed 
particles  of  CoCr20^  and  Co2S10^.  A typical  profile  df  this  oxide 
is  presented  in  Figure  22.  The  oxide  layer  formed  on  Co-10  Cr-10  SI 
was  too  thin  to  probe  successfully. 

2.  Hot  Corrosion 

The  rate  of  oxidation  under  hot  corrosion  conditions  shows 
a sharp  decrease  as  the  silicon  content  Is  Increased.  This  Is  Identical 
to  the  results  obtained  for  the  oxidation  experiments  as  can  be  seen 
In  Figure  19.  The  parabolic  rate  constants  listed  In  Table  5 were 


Figure  20.  Parabolic  Rate  Constants  (K-)  of  Co-10  Cr-Si  Alloys 

as  a Function  of  Weight  Percent  Silicon  in  an  Oxidizing 
Environment  at  1000°C  and  Pq  =0.1  atm. 

2 


Figure  21. 


Micrographs  of  the  Scales  Formed  on  Co-10  Cr-1  SI  After 
Hot  Corrosion  and  Oxidation  at  1000°C  and  Pq  - 0.1  atm. 
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Figure  22.  Microprobe  Profiles  of  the  Scales  Formed  on  Co-10  Cr-1  Si 

After  Oxidation  and  Hot  Corrosion  at  1000®C  and  Pq  *0.1  atm. 
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slightly  higher  under  hot  corrosion  conditions  compared  to  the  oxidation 
kinetics.  The  Co- 10  Cr-10  SI  exhibited  one  of  the  lowest  rates  of 
oxidation  for  both  the  hot  corrosion  and  oxidizing  environments.  A 
comparison  of  the  weight  gains  as  a function  of  time  for  hot  corrosion 
and  oxidation  of  this  alloy  Is  depicted  In  Figure  23.  There  Is  some 
Indication  of  spalling  under  the  hot  corrosion  conditions. 

The  microstructure  of  Co-10  Cr-1  SI  Is  represented  In  Figure  21. 

A typical  double- layered  structure  Is  observed  with  a more  compact 
outer  layer  than  the  oxidized  specimen.  The  scale  thickness  (330 
microns)  Is  somewhat  greater  than  that  of  the  oxidized  specimen  (200 
microns) . 

A typical  microprobe  profile  of  the  oxide  layer  Is  shown  In  Fig- 
ure 22.  The  outer  layer  Is  99  wt.  % CoO  with  an  Inner  layer  composed 
of  CoO  and  the  spinel  CoCr20^  and  Co2S10^.  A more  uniform  distribu- 
tion of  these  oxide  compounds  Is  Indicated  for  the  hot  corrosion 
sample. 

F.  Cobait-15  Chromlum-Slllcon  Ternary  Alloys 
1.  Oxidation 

The  results  of  the  thermogravlmetrlc  studies  are  presented 
In  Figures  24  and  25.  In  all  cases, the  oxidation  Is  described  by 
the  parabolic  rate  law.  The  parabolic  rate  constants  listed  In  Table 
5 are  shown  In  Figure  25  as  a function  of  weight  percent  silicon. 

The  slight  Increase  In  oxidation  rate  as  the  silicon  content  Is  In- 
creased Is  opposite  to  that  observed  for  the  Co-5  Cr-Sl  and  Co-10  Cr- 
S1  groups.  However,  this  group  performed  far  better  under  oxidizing 


Figure  23.  Comparison  of  the  Weight  Gain  (Am/A)  as  a Function  of 

Time  for  the  Hot  Corrosion  and  Oxidation  of  Co-10  Cr-10  Si 
at  1000°C  and  Pq  “0.1  atm. 


Figure  24.  Weight  Gain  (tm/A)  as  a Function  of  Time  for  the  Oxidation 
of  Co-15  Cr-Sl  Alloys  at  1000®C  and  Pq  - 0.1  atm. 
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Figure  25.  Parabolic  Rate  Constants  (Kp)  of  Co-15  Cr-Si  Alloys 

as  a Function  of  Weight  Percent  Silicon  in  an  Oxidizing 
Environment  at  1000°C  and  Pq  =0.1  atm. 
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conditions  than  any  of  the  other  groups  previously  studied.  The 
Co-15  Cr-1  Si  specimen  exhibited  the  lowest  oxidation  rate  observed, 
0.0016x10  gm^  • cm  ^ ' sec  which  Is  many  orders  of  magnitude 
lower  than  the  oxidation  rate  of  pure  cobalt. 

The  oxidation  of  this  group  of  alloys  resulted  In  the  formation 
of  thin  film  oxide  layers,  which  were  difficult  to  analyze.  The  micro- 
structure of  a patch  of  oxide  formed  on  Co-15  Cr-1  SI  is  shown  in  Fig- 
ure 26.  A double- layered  structure  is  evident,  with  a slightly  porous 
outer  layer  and  a very  compact  Inner  layer,  apparently  of  a different 
structure  than  the  outer  layer.  It  should  be  emphasized  that  the  micro- 
structure observed  in  Figure  26  may  not  be  typical  of  the  oxide  layer 
formed  on  this  alloy  since  most  of  the  thin  oxide  film  (<  4 microns) 
had  been  removed  during  sample  preparation  and  x-ray  diffraction 
stud les. 

Microprobe  analysis  of  the  oxide  layer  formed  on  Co-15  Cr-1  Si  Is 
shown  In  Figure  27.  The  outer  layer  Is  composed  of  CoO  except  near 
the  double-layer  Interface  and  oxlde/gas  interface,  where  the  chromium 
concentration  is  Increased.  The  inner  layer  shows  the  highest  chromium 
concentration  of  any  sample  studied.  This  could  indicate  the  formation 
of  a Cr202  during  the  initial  stages  of  oxidation.  No  evidence 

of  Cr20^  was  found  by  x-ray  diffraction,  however. 

2.  Hot  Corrosion 

Since  the  Co-15  Cr-Sl  group  of  alloys  exhibited  some  of  the 
lowest  rates  of  oxidation, it  was  decided  to  study  this  group  under  iso- 
thermal and  cyclic  hot  corrosion  conditions.  The  cyclic  environment 


Figure  26. 


Micrograph  of  the  Scale  Formed  on  Co-15  Cr-1  Si  After 
Oxidation  at  1000°C  and  Pq  - 0.1  atm. 
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Figure  27. 


Microprobe  Profile  of  the  Scale  Formed  on  Co-15  Cr-1  SI 
After  Oxidation  at  1000°C  and  Pg  >0.1  atm. 
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provides  a more  severe  test  of  scale  adherence  and  also  more  closely 
duplicates  conditions  existing  within  a gas  turbine. 

a.  Isothermal.  Exposing  samples  of  Co-15  Cr-Sl 
alloys  to  a continuous  supply  of  Na2S0^  throughout  the  oxidation 
period  resulted  In  a substantial  Increase  In  the  oxidation  rate  for 
all  specimens,  as  shown  In  Table  5.  Figure  28  shows  the  weight  gain 
(Am/ A)  as  a function  of  time  for  the  Isothermal  hot  corrosion  of 
Co-15  Cr-Sl  alloys.  The  kinetics  Indicate  the  possibility  of  some 
transition  from  protective  parabolic  oxidation  to  non-protectlve 
linear  oxidation  as  can  be  seen  In  Figure  28.  This  group  as  a whole 
exhibited  good  hot  corrosion  resistance. 

b.  Cyclic.  The  hot  corrosion  resistance  of  Co-15  Cr 
with  1,  2.5,  and  5 wt.Z  additions  of  silicon  was  determined  under 
cyclic  conditions.  Specimens  were  automatically  cycled  between 

the  test  temperature  of  1000°C  and  room  temperature  once  every  250 
minutes.  The  furnace  was  lowered  every  250  minutes  for  10  minutes 
to  allow  the  sample  to  cool  to  ambient  temperature.  The  results  of 
the  cyclic  tests  are  shown  in  Figures  29,  30  and  31.  The  cyclic 
environment  In  all  cases  accelerated  the  hot  corrosion  rate  probably 
by  spalling  the  protective  oxide  layer.  The  Co-15  Cr-2.5  SI  specimen 
exhibited  the  highest  degree  of  spalling  of  the  alloys  tested. 

In  considering  the  oxidation  behavior  of  the  Co-Cr-Sl  system.  It 
Is  apparent  that  additions  of  silicon  up  to  10  wt.Z  decrease  the 
oxidation  rate  as  much  as  several  orders  of  magnitude  when  compared 
to  the  oxidation  of  pure  cobalt  at  1000°C  and  an  oxygen  pressure  of 


Figure  28.  Weight  Gain  (Am/ A)  as  a Function  of  Time  for  the 
Isothermal  Hot  Corrosion  of  Co-15  Cr-Sl  alloys  at 
1000°C  and  Pq  » 0.1  atm. 
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Figure  29.  Comparison  of  the  Cyclic  and  Isothermal  Hot  Corrosion 
Behavior  of  Co-15  Cr-1  SI  at  1000°C  and  Pq  “0.1  atm. 
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Figure  30.  Comparison  of  the  Cyclic  and  Isothermal  Hot  Corrosion 

Behavior  of  Co-15  Cr-2.5  Si  at  1000®C  and  P-  - 0.1  atm. 
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0.1  atmosphere.  An  example  of  this  is  Co-10  Cr-10  Si;  the  parabolic 

—10  2 

oxidation  rate  constant  (K^)  for  this  alloy  is  0.00197x10  gm 

-4  -1  -10  2 -4  -1 

cm  ’ cm  as  compared  to  138x10  gm  * cm  • cm  for  pure  co- 
balt. Although  the  oxidation  kinetics  are  generally  parabolic  for 
the  Co-Cr-Si  alloys,  they  differ  drastically  in  scale  formation 
and  structure.  The  scales  formed  on  the  Co-Cr  alloys  with  low 
silicon  additions,  except  for  Co-15  Cr-1  and  2.5  Si  alloys,  generally 
are  double- layered  with  an  outer  layer  of  CoO  and  an  inner  layer  of 
CoO  with  some  dispersed  particles  of  CoCr20^  and  Co2SiO^.  The  al- 
loys with  higher  silicon  additions  of  up  to  10  wt.  % generally  form 
thin  films  averaging  from  4 to  20  microns  in  thickness.  They  are 
composed  of  CoO  with  higher  percentages  of  CoCr20^  (possibly  some 
Cr202)  and  slightly  higher  percentages  of  Co2SiO^. 

The  experimental  results  Indicate  that  the  theory  of  adding 
chromium  to  cobalt-silicon  alloys  in  order  to  promote  the  formation 
of  an  outer  layer  of  Si02,  which  offers  excellent  oxidation  resis- 
tance, is  practjcal.  The  formation  of  the  spinel  Co2SiO^  may  be 
a good  indication  of  the  initial  existence  of  an  outer  layer  of 
Si02.  The  SIO2  particles  which  grow  under  an  outer  layer  of  CoO 
and  Cr^O^  may  react  with  the  CoO  to  form  Co2SiO^  as  previously 
discussed  for  the  oxidation  of  the  cobalt-silicon  alloys.  If  a 
layer  of  SIO2  is  present,  it  would  be  extremely  thin,  of  the  order  of 
a few  microns.  Increasing  the  amount  of  chromium  and  silicon  also 
results  in  Increased  spinel  formation  and  therefore  a decrease  in 
the  oxidation  rate.  The  presence  of  the  spinels  Co2S10^  and  CoCr20^ 
within  the  oxide  layer  serves  to  reduce  the  oxidation  rate  of  the 
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alloy  by  blocking  the  solid  state  diffusion  of  cobalt  ions  via 
reduction  of  the  solid  state  diffusion  area. 

The  accelerated  oxidation  rates  associated  with  hot  corrosion 
of  nickel-based  alloys  (43)  were  not  as  noticeable  for  the  Co-Cr-Si 
alloys.  The  Co-Cr-Si  alloys  exhibited  slightly  higher  oxidation 
rates  in  a hot  corrosion  environment  as  compared  to  an  oxidizing 
environment.  The  low  rates  of  oxidation  observed  under  hot  corrosion 
conditions  are  in  agreement  with  results  obtained  by  other  investigators 
(68,  72,  70),  which  show  that  cobalt-based  alloys  are  superior,  in  hot 
corrosion  resistance,  to  nickel-based  alloys. 

The  decrease  in  oxidation  rates  for  the  hot  corrosion  samples 
is  a function  of  the  increasing  silicon  content.  The  Co-10  Cr-10  Si 
alloy  exhibited  the  best  hot  corrosion  resistance  with  a parabolic 
rate  constant  (Kp)  of  0.0167x10  gm^  • cm  ^ • sec  The  formation 
of  an  initial  thin  film  (<10  microns)  of  Si02  on  the  alloy  surface 
may  be  the  reason  for  the  low  hot  corrosion  rates  exhibited  by  the 
Co-Cr  alloys  with  the  higher  silicon  contents.  The  formation  of 
the  spinels  CoCr20^  and  Co2Si0^  also  aid  in  retarding  the  hot 
corrosion  rate.  The  experimental  results  also  indicate  thermal 
cycling  is  detrimental  to  the  hot  corrosion  resistance  of  Co-15 
Cr-Si  alloys  by  causing  spalling  of  the  normally  protective  oxide 
layer  and  exposing  the  alloy  surface  to  attack  by  the  corroding 


environment . 


VI.  SUMMARY  AND  CONCLUSIONS 


The  rates  of  oxidation  and  hot  corrosion  of  pure  cobalt,  cobalt- 
chromium,  cobalt-silicon, and  cobalt-chromlum-slllcon  alloys  were  de- 
termined at  1000°C  In  oxygen  at  a pressure  of  0.1  atmosphere.  The 
hot  corrosion  studies  were  conducted  under  conditions  of  a continuous 
supply  of  Na2S0^  to  the  sample  surface.  In  addition, the  effect  of 
thermal  cycling  on  the  hot  corrosion  resistance  of  the  Co-15  Cr-Sl 
alloy  group  was  also  Investigated. 

For  the  cobalt-chromlun  alloys.  It  was  found  that  a considerable 
decrease  In  the  oxidation  and  hot  corrosion  rates  occurred  at  chro- 
mium concentrations  around  15  wt.  %.  The  cobalt-silicon  binary 
alloys  showed  a dramatic  increase  In  the  rate  of  oxidation  up  to 
0.05  wt.  % silicon  according  to  normal  doping  theory.  At  silicon 
concentrations  greater  than  5 wt.  %,  a marked  decrease  In  oxidation 
and  hot  corrosion  was  observed. 

Generally,  the  series  of  cobalt-chromlum-slllcon  alloys  exhibited 
much  better  oxidation  and  hot  corrosion  resistance  than  the  binary 
alloys.  The  lowest  rates  were  obtained  for  alloys  with  high  sili- 
con contents.  One  alloy  In  particular,  Co-10  Cr-10  SI,  exhibited 
the  lowest  total  weight  gain  per  unit  area  for  both  oxidation  and 
hot  corrosion.  The  hot  corrosion  resistance  of  the  Co-15  Cr-Sl 
alloys  were  decreased  by  thermal  cycling. 

The  conclusions  drawn  from  the  present  study  are: 

a.  The  mechanism  governing  the  oxidation  of  cobalt-based  alloys 
at  1000°C  and  a partial  pressure  of  oxygen  at  0.1  atmosphere  Is  the 


141 


solid  state  diffusion  of  Co  cations  In  a CoO  network  via  a vacancy 
mechanism. 

b.  This  diffusion  is  Influenced  by  the  porosity  of  the  Inner 
layer,  which  reduces  the  solid  state  diffusion  area  but  enhances 
the  transport  of  oxygen  across  the  pore. 

c.  The  formation  of  the  spinels  CoCr^O^  and  Co2S10^  Inhibits 
the  solid  state  diffusion  of  cobalt  Ions  by  a blocking  effect. 

The  present  study  also  Indicates  that  the  theory  of  adding 
chromium  to  cobalt-silicon  alloys  in  order  to  promote  the  formation 
of  an  outer  layer  of  Si02,  whose  growth  rate  is  controlled  by  move- 
ment of  the  electrons,  may  be  applicable  to  the  cobalt-chromlum- 


slllcon  system. 


VII.  SUGGESTIONS  FOR  FUTURE  RESEARCH 


Although  the  present  study  has  elucidated  a number  of  aspects 
concerning  the  mechanisms  of  oxidation  and  hot  corrosion  of  cobalt- 
chrome-silicon  alloys,  there  are  some  aspects  which  require  further 
investigation. 

The  scale  formation  as  a function  of  time  should  be  studied  to 
determine  if  and  when  a layer  of  Si02  develops  on  the  alloy  surface 
after  oxidation  and  hot  corrosion.  The  oxidation  and  hot  corrosion 
rates  as  a function  of  oxygen  pressure  should  also  be  investigated. 

Further  studies  utilizing  the  scanning  electron  microscope 
at  high  magnification  to  study  the  thin  film  oxides  formed  on  alloys 
with  high  chromium  and  silicon  concentration  should  be  undertaken. 
The  effect  of  thermal  cycling  on  the  hot  corrosion  resistance  of 
cobalt-based  alloys  requires  additional  investigation.  In  conjunc- 
tion with  the  thermal  cycling  studies,  the  effect  of  elements,  such 
as  yttrium,  on  improving  scale  adherence  should  be  determined. 

A comparison  should  be  made  between  the  oxidation  and  hot 
corrosion  rates  obtained  for  wrought  Co-Cr-Sl  alloys  as  opposed  to 
those  obtained  for  the  cast  alloys  utilized  in  this  investigation. 

If  possible,  the  self -diffusion  rates  of  Co,  Cr  and  Si  in 
Si02  and  Co2S10^  should  be  determined,  since  they  are  of  primary 
importance  in  any  study  concerning  the  solid  state  diffusion  pro- 


cesses in  the  scale. 
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APPENDIX 


Addition  to  the  Hot  Corrosion  Experimental  Method. 
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The  rate  of  deposition  of  Na2S0^  on  the  sample  surface  was  deter- 
mined prior  to  the  start  of  the  hot  corrosion  series  of  experiments. 
This  was  accomplished  by  suspending  an  alumina  blank  in  the  reaction 
chamber  with  a platinum  chain.  Both  the  chain  and  alumina  coupon 
were  weighed  prior  to  suspension  in  the  chamber. 

The  weight  gain  (Am)  of  the  alumina  blank  and  platinum  chain  was 
then  recorded  as  a function  of  time  for  2800  minutes,  since  this  was 
the  run  duration  for  all  hot  corrosion  experiments.  The  Increase  in 
weight  of  the  alumina  blank  and  chain  was  due  to  the  condensation  of 
NajSO^  on  the  surface,  since  no  reaction  of  Na2S0^  with  either  the 
alumina  or  platinum  is  expected. 

The  weight  gain  due  to  the  condensation  of  Na2S0^  on  the  blank 
sample  surface  was  then  subtracted  from  the  total  weight  gain  of  the 
hot  corrosion  sample  as  a function  of  time. 

After  completion  of  the  hot  corrosion  blank  run,  the  surfaces 
of  the  platinum  chain  and  alumina  blank  were  washed  with  distilled 
water  and  the  sodium  and  sulfate  content  of  the  wash  solution  was 
determined  in  the  Mineral  Constitution  Laboratory  of  The  Pennsylvania 
State  University.  The  results  are  listed  below: 


ppm 

Na20 

0.85 

SO3 

11 

Total 

Na20  content  - 0.09  mg. 

Total 

SO3  content  - 1.17  mg. 
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The  above  results  show  Na2S0^  was  definitely  deposited  on  the  sample 
surface  throughout  the  hot  corrosion  runs. 
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